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JUST ONE OF THE REASONS WE CARE SO Ml 



Just think. You’re driving along with the top down 
and the wind in your hair. Wonderful. 

Now think again. The wind around your hair may 
not be as fresh as you'd like. Not so wonderful. 

But you can enjoy the unique experience of 
driving a Saab 900 Cabriolet without being con¬ 
cerned about the environment because of all the 
consideration we’ve given to it. 

Our innate belief in preserving the environment 
permeates every stage in the design of a Saab. Our 


unique, climate-related emission control system 
does nothing to compromise performance. Yet it 
cuts out 50% more hydrocarbons than a conventio¬ 
nal catalytic convertor as well as 25% more carbon 
monoxide and 20% more of the nitrogen oxides 
because it begins working at lower temperatures, 
so often the case during short journeys which are 
the most frequent. 

If you’re one of those drivers who’s grown 
accustomed to the cramped conditions and 
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CH ABOUT AIR POLLUTION 




all-round impracticality of most convertibles, the 
Saab 900 will come as a breath of fresh air. 

It can carry four passengers and their luggage in 
complete comfort. And should the weather get 
cooler (and it can get very cool indeed in Sweden) 
the electronic top is multi-layered to give better 
thermal protection than you'd expect from even 
a hard top. 

Unfortunately everyone doesn’t drive a Saab. 

So if you’re driving the 900 Cabriolet when the 


air’s not as clean as it should be, we’d advise you 
keep the roof up, because Saab’s ventilation system 
has a filter so efficient it can trap even the minu¬ 
scule pollens that cause hay fever. 

So you can enjoy the clean air of Sweden 
wherever you may drive. 
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Mind and Brain 

Gerald D. Fischbach 

The human brain is the most complex structure in the known universe. Genes 
and experience have jointly shaped its machinery; its design is the result of mil¬ 
lions of years of evolution Our survival depends on a deeper understanding of 
the marvelous biochemical happening that arises from it: the mind. 



The Developing Brain 

Carla J. Shatz 


Remarkably precise connections between more than 100 biliion neurons account 
for ail the properties of the mind. Yet in the fetus this intricate wiring is only an ap¬ 
proximation of that in the mature brain The final linkages are shaped by stimula¬ 
tion of the newborn through such sensory experiences as touch, speech and images. 



The Visual Image in Mind and Brain 

SemtrZeki 

There is a great deal more to vision than light meeting the eye. The world we 
see is literally an invention of the brain, actively constructed from a constantly 
changing flood of information. Seeing and understanding occur simultaneously 
through the synchronized activities of specialized areas in the visual cortex. 



The Biological Basis of Learning and Individuality 

Eric R. Kandel and Robert D. Hawkins 

Learning and memory—the acquisition of knowledge and the retention of that 
information over time—are being studied on the cellular and molecular level. 
These processes, which connect us to our past and are the key to individuality, 
engage a simple set of rules to strengthen connections between nerve cells. 



Brain and Language 

Antonio R, Damasio and Hanna Damasio 

In the beginning, there were no words. Language arose and persisted because it 
is a superb means of communication. Three sets of interacting neural structures 
process language in tire brain. One supports nonlanguage concepts, another 
assembles words and sentences, and a third mediates between the first two. 



Working Memory and the Mind 

Patricia S. Goldman-Rakic 

Working memory has been called the blackboard of the mind. Its ability to com¬ 
bine moment-to-moment awareness and instantaneous retrieval of archived in¬ 
formation is fundamental to language comprehension, learning and reason. Ex¬ 
periments with monkeys are identifying the key neural structures. 
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Sex Differences in the Brain 

Doreen Kimura 

The different ways in which men and women approach intellectual problem 
solving have often been attributed to variations in experience. Evidence indicates 
that reproductive hormones alter brain function permanently during fetal develop¬ 
ment. Further research may explain the evolutionary significance of these changes. 



M^jor Disorders of Mind and Brain 

Elliot S. Gershon and Ronald O. Rieder 


Schizophrenia and mania—the most devastating maladies of the mind—each 
afflict 1 percent of the population. Impressive advances in neuroscience and ge¬ 
netics are revealing the anatomic, biochemical and hereditary bases of these dis¬ 
orders. Research has already shaped the development of new therapies. 



Aging Brain, Aging Mind 

Dennis}, Selkoe 

As we age, the neural structures involved in learning, memory and reasoning 
undergo a number of physical changes. Yet such alterations do not necessarily 
signal an inevitable slow march to mindlessness and mortality. Elderly individuals 
who remain in good health show only a subtle decline in cognitive function. 


104 



How Neural Networks Learn from Experience 

Geoffrey E. Hinton 

Networks of artificial neurons modeled on conventional computers are helping 
explain the ability of the brain to process and retain information. These neural- 
network simulations have already ruled out many theories. They are now begin¬ 
ning to reveal how the brain accomplishes the remarkable feat of learning. 



The Problem of Consciousness 

Francis Crick and Christof Koch 


Can consciousness, the most profound and puzzling facet of the mind, be probed 
experimentally ? Are elusive mental events explainable as the behavior of interact¬ 
ing neurons? The authors argue that existing evidence already provides a glimpse 
of the nature of visual consciousness that can guide experimenters. 
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OEiyiCOt BATES 


CASA SATLLO. BARCELONA. 



What Mind is able to Imagine such a Shape? 



YOU ARE CURIOUS about where geniuses come from, you have no choice but to come to Spain. Starting 
in die north east, you will find the incredible work of Gaudf, and some of Picasso’s soul Further north, 
a (Figueras - Cadaques), you will discover DciJTs ^divinity. Skip over to the Balearic 


at Toledo and absorb the mystic insight of El Greco. This is Spain. Full of intelectual scenery as impressive 
as its natural ones. A land where the climate is part of the people's personality and which gives an 
invitation to express your feelings. And finally, straight to the heart of Spain. Madrid, this year's cultural 
capital of all Europe. Where all the threads of the nation's genius are drawn together in one rich tapestry. 
Breathtaking isn't it? 


*0 

Passion for life. 




1992. The year of (he Barcelona Olympic Games- The Universal Exposition m Sevilla. And Madrid Cultural Capital of Europe. 
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LETTERS TO THE EDITORS 


All about Eve 

There is distressing apparent arro¬ 
gance on both sides of the debate on 
modem human origins ["'The Recent 
African Genesis of Humans/' by Allan C. 
Wilson and Rebecca L. Cann; and “The 
Multiregkmal Evolution of Humans," by 
.Alan G. Thorne and Milford H. Wolpoff, 
Scientific American, April], although 
it has been more prominent in the pro* 
nouncements of the students of mi to* 
chondrial DMA than in those of the pa- 
leoanthropologists. Recently, using Ihe 
very same mitochondrial DNA materi¬ 
al available to Wilson and Cann, Alan 

R. Templeton of Washington University 
has shown that there are 100 possible 
genealogies that arc more parsimoni¬ 
ous than the one the authors presented. 

S. Blair Hedges of Pennsylvania State 
University and others further demon¬ 
strated that 50,000 possible trees are 
statistically "better” than the one ad¬ 
vocated by Wilson and Cann. The over¬ 
whelming conclusion is that the avail¬ 
able genetic evidence not only cannot 
provide a time scale for the emergence 
of modern human form bul il also does 
not provide any hint that .Africa was the 
locale where this took place. 

C. Loring Brace 
Museum of Anthropology 
University of Michigan 

Both papers in your April issue Eve de¬ 
bate seem logically flawed. The Thorne 
and Wolpoff scenario involves too much 
special pleading to be taken serious¬ 
ly, They would have characters marking 
specific population lineages surviving 
over hundreds of thousands of years, 
which implies that these features must 
confer great selective advantages. At the 
same time, there is enough gene flow 
involving advantageous new mutations 
to keep all the populations evolving to¬ 
ward modem Homo sapiens in lockstep. 
So selection and gene flow are making 
human populations more like one an¬ 
other, while selection and lack of gene 
flow are keeping them differentiated, 
and this strange balance is maintained 
for almost a million years, 1 think not. 

Finally, the opening paragraph of the 
Thorne and Wolpoff article is blatantly 
self-serving revisionist history. Concern¬ 
ing the hominid status of Ramapithe- 
c.us t Wolpoff writes, "Molecular biolo¬ 
gists entered that discussion and sup¬ 


ported the minority position held by 
one of us....." No one, to my knowledge, 
credits Wolpoff with any meaningful 
contributions to the issue until after the 
original presentations that Wilson and 1 
made in 1966 and 1967. 

Vincent Sarich 
Department of Anthropology 
University of California at Berkeley 


Cann replies: 

Advances in the analysis of large data 
sets are necessary' to help evaluate just 
how r probable certain branch points in 
Lhe human mitochondrial DNA trees re¬ 
ally are. Every computer program makes 
assumptions about the biology of mito¬ 
chondria, and not all assumptions are 
v alid for every region of the molecule. 

The molecular trees are only one line 
of evidence in a hypothesis of African 
origins. Two additional findings are im¬ 
portant, First, the highest levels of mito¬ 
chondrial and nuclear genetic diversity 
for any living human group are found 
in populations from sub-Saharan Afri¬ 
ca. Most evolutionary biologists would 
accept that finding as strong support 
for Africa as our center of origin. 

Second, the oldest human fossils 
judged to be anatomically modern in 
appearance come from .Africa, impor¬ 
tant blade technologies associated with 
modem humans are also found first in 
Africa, not Asia. As l have stated before, 
this held can move no further without 
the ev aluation of DNA extracted from a 
multitude of human fossils less than 
200,000 years old. 


Thome and Wolpoff reply: 

We do not envision regional continu¬ 
ity markers as necessarily conferring se¬ 
lective advantage, Rather the great selec¬ 
tive advantage belongs to the features 
that change across the world over the 
course of human evolution. We have 
sought continuity markers that do not 
respond to unique local selection be¬ 
cause only these can address the issue 
of ancestry’ rather than adaptation as a 
potential explanation for their persis¬ 
tence. Balances between local selection 
(or genetic drift) and gene flow for fea¬ 
tures create spatial gradients that are 
sensitive to die magnitudes of cadi, but 
neither can predominate over the other. 

Sarich misunderstands the main point 


of our Ramapithecus reference: to re¬ 
fute the claim by Wilson and Cann that 
a “molecular clock” ultimately resolved 
the dispute. The arguments about Ram- 
apithecus began with the first publica¬ 
tion on the genus in 1934. The debate 
ended because of new fossil remains, 
better geologic information and ana- 
Lomlc studies, not a "clock.” 


Drinking and Genes 

In “D 2 or not D 2 by John Morgan 
[“Science and the Citizen/ 1 Scientific 
American, April], the statement that we 
found a gene linked to alcoholism is in¬ 
correct, Rather we claimed an associa¬ 
tion, not a linkage, of the D 2 gene with 
alcoholism. The statement attributed to 
one of us that job applicants will be 
tested for the A1 allele is also untrue. 
We are strongly opposed Lu such use of 
a diagnostic test for alcoholism. 

Ernest P. Noble 
Department of Psychiatry 

and Biobehavioral Sciences 
University of California at Los Angeles 

Kenneth Blum 
Department of Pharmacology 
LTniversity of Texas 

Health Science Center 
San Antonio 

Credit for Catalysts 

In my article “Solid Acid Catalysts” 
[Scientific American, April], I wrong¬ 
ly attributed the synthesis of the zeo¬ 
lite Rho to Richard Barrcr of Imperial 
College, London. Although Barrer v/as 
the first, in 1943, to synthesize a zeo¬ 
lite (KFl) that does not occur natural¬ 
ly, the credit lor Rho belongs to Harry 
Robson, who produced it in 1965 at the 
Exxon Research and Development Cen¬ 
ter in Baton Rouge, La, The structure ol 
Rho is similar to that of KFI, hence the 
source of, but not the justification for, 
my lapse in memory’. I apologize to Rob¬ 
son and to David Shoemaker, Robert 
OgRvie and Phillip Manor of the Massa¬ 
chusetts Institute of Technology, who 
solved the structure of Rho in 1973. 

Sir John Meurig Thomas 
Royal Institution of Great Britain 
London 
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By bringing affordaUe. next-generation 3D visualization 
power to thechemhtry desktop, IBIS Indigo gives your 
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Desktop discovery: IRIS Indigo RISC/PC. 

Discover the workstations that run the applications you know, render in 3D, and 
do it all affordably. 

They run popular chemistry software - from chemical structure drawing to word 
processing to molecular modeling programs. And most importantly, HUS bidigo" 
workstations allow chemists to easily see, study and understand the 3-dimensional 
structural and dynamic features of their discoveries* 

HUS Indigo's award-winning, affordable technology enables application developers 
to deliver next-generation software to rhemisty desktops today . Which means you 
reduce the time to market, the number of experiments required, and the expenses 
involved - while building a decisive, coni pel ilivc advantage. 

At prices (starting under $10,000) dial pul these powerful, easy-to-use, Macintosh® 
and PC netwnrk-eompalihle machines on more desks* the IRIS 
Indigo family enhances a precious scientific resource — the lab 
chemist — by extending the promise of computer-aided discovery 
to every desktop. 

Call for our f ree whitepaper, ^Competitive Benefits of 3D 
Chemical Modeling,'* and discover the power of IRIS bidigo 

for your team. SHiCOtlGtaphiCS * 

Call 1 (800)800-7441. Ext, 1500 Computer Systems 
























50 AND 100 YEARS AGO 


SEPTEMBER 1942 

“A few years ago, the statement that 
the Orion nebula was partly composed 
of iron would have appeared to be in¬ 
credible. Now, 10 forbidden lines of Fe 
11, and about 15 of Fe 111, have been def¬ 
initely observed by Wyse, so that there 
can be no doubt about it. In the mean- 
tiine, all surprise has been removed by 
the even more remarkable discovery 
that atoms of iron Form part of the gas 
which is distributed throughout inter¬ 
stellar space. Year by year, the evidence 
for the general uniformity of composi¬ 
tion of matter, throughout the regions 
of space accessible to our observation, 
becomes more and more impressive.” 

"Although scanning microscopes of 
low resolution were successfully con¬ 
structed even with the image observed 
directly on the fluorescent screen of a 
kinescope, hlgh-resolution instruments 
required a slower method of recording. 
A facsimile receiver registering an im¬ 
age in eight minutes proved to be a sat¬ 
isfactory solution." 

"Many persons bleed excessively from 
minor wounds because their blood con¬ 
tains too little of the clotting principle 
(prothrombin). No satisfactory method 
has been known before to control bleed¬ 
ing in persons thus afflicted and even 


pulling their teeth has involved seri¬ 
ous hazard to their lives. The new clot¬ 
ting globulin supplies the constituent in 
which the blood of ‘bleeders’ is deficient 
and places in the hands of the medi¬ 
cal and dental professions an effective 
means for stopping the flow of blood 
from minor wounds in a few seconds.” 

“A curious sensation sometimes expe¬ 
rienced by pilots, and termed the ‘leans/ 
has recently been described. Here’s what 
leads up to it: During instrument flight, 
a slow lateral tilting of the aircraft re¬ 
mains unnoticed. When finally the tilt¬ 
ing has become pronounced enough for 
the pilot to be aware of it T he corrects 
the attitude of the plane in a much 
shorter period of time than that winch 
was required for the original tipping. 
Now the human ear is so constructed 
that it readily notes rapid acceleration 
but not slow acceleration. The pilot thus 
ends up with the sensation that the 
plane is now tipping down on the op¬ 
posite side.” 



SEPTEMBER 1892 

" In order to test the power of grip¬ 
ping in the young infant, Dr. Louis Rob¬ 


inson placed his fingers against the 
palm. The contact at once caused the 
hand to close apparently by pure reflex 
action, since it made little difference 
whether the child was asleep or awake. 
He then slowly, but with a slight jerking 
motion, lifted his fingers, and found to 
his surprise that the child tightened its 
grasp and allowed him to raise it from 
the bed. In many cases a newly-born 
child would hang and support its weight 
with ease for a minute. Still more sur¬ 
prising was the fact that in most in¬ 
stances it would make no objection to 
the experiment whatever. Among the 
newly-born offspring of the human race 
these faculties were of no use. It seemed, 
therefore, legitimate to infer that the as¬ 
tonishing prehensile pow ? er in the hands 
of the modern infant was a vestige of 
the habits w r hich for many epochs saved 
their arboreal forefathers during their 
tender youth from destruction.” 

“The recent lowering of the equine 
trotting record by Nancy Hanks to 2 
minutes 5 V 4 seconds is a remarkable 
verification of a mathematical law' that 
has been followed to a fraction of a 
second for the past sixty-two years. 
This law is that the time to Lrot a mile 
is reducing at the rate of eleven twenty- 
sixths of a second a year. This guide 
shows ihat in the year 2047 the mile 
a minute gait will be reached, and thaL 
297 years hence it will be in order to 
race trotters with the lightning’s flash.” 

“Abbot Rousselot, professor at the 
Carmelite School, has succeeded in cre¬ 
ating the series of apparatus necessary 
for registering, one by one, the motions 
whose ensemble constitutes a word or 
a phrase. Evidently, every time that, for 
any cause whatever, the air contained 
in the rubber tube enters into vibra¬ 
tion, the vibrations wifi be communi¬ 
cated to the air of the drum, and after 
this the rubber and then the plate and 
lever will enter into motion. If the cylin¬ 
der is revolving at the same time, the 
line that wall be inscribed thereon by 
the point of the Lever, instead of being 
straight, will become a tracing of the 
vibrations. It will be possible hereafter 
To note the pronunciation of any lan¬ 
guage, dialect or idiom whatever, with¬ 
out relying upon the testimony of the 
car, which distinguishes but slight dif¬ 
ferences between the modes of speak¬ 
ing of several individuals.” 



Abbot Rousselot T s phonetic recorder 
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Now schools without French teachers 
can still have lessons in French. 



Students at three high schools in northwestern suburbs 
of Chicago now can take classes their schools might not 
have been able to afford otherwise—thanks to a system 
provided byAmeritech. 

Called Distance Learning, the system is a new application 
for video conferencing, a service originally intended for 
business use. By video, a teacher can combine students 
from three schools to form a class and teach them 
simultaneously even though the schools are twenty miles 
apart. It’s only one of many educational efforts Ameritech 
has under way. Our Buddy System, for example, is linking 
students and home computers with their schools and a 
whole world of information. We’re also providing grants 
to students doing graduate work in telecommunications 


and supporting teachers writing curricula using our 
Ameritech PagesPIus* directories as learning tools. 

At Ameritech, we’re developing innovative products and 
services of all kinds to help make sure today’s students aren’t 
just ready to face the future, but to shape it. 

For more information on our contributions to the quality 
of life in communities we serve, call 1-800/242-8580. 


The Communications Companies of Ameritech are: 

Illinois Bell • Indiana Bell * Michigan Bell • Ohio Bell * Wisconsin Bell 
Ameritech Audiotex Services • Ameritech Credit • Ameritech Development 
Ameritech Information Systems•Ameritech International 
Ameritech Mobile Communications • Ameritech Publishing 
Ameritech Services • The Tigon Corporation. 
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SCIENCE AND THE CITIZEN 


Gravity Quantized? 

A radical theory of gravity 
weaves space from tiny loops 

I ike cats and dogs, round holes and 
square pegs, and polka-dotted 
J ties and striped shirts, general rel¬ 
ativity and quantum mechanics just do 
not go well together. Einstein's theory 
of general relativity depicts gravity as 
warps in the fabric of space and time, 
whereas quantum mechanics describes 
the other forces ruling matter—namely, 
electromagnetism and the strong and 
weak nuclear forces—as interactions of 
energy packets called quanta. 

Each theory works well in Its sphere: 
quantum mechanics primarily address¬ 
es microscopic effects and general rela- 
tivity large-scale ones. But physicists 
have long hoped to fuse the two world¬ 
views into a unified theory of all physi¬ 
cal phenomena, from quarks to quasars* 
For the past decade, by far the domi¬ 
nant candidate for a so- 
called quantum gravity theo¬ 
ry has involved super strings, 
infinitesimal loops of energy 
whose wrigglings supposed¬ 
ly give rise to all the parti¬ 
cles and forces of nature. 

In the past few years, how¬ 
ever, string theorists seem 
to have lost their bearings 
in the theory’s labyrinthine 
mathematics* Meanwhile an¬ 
other, more modest ap¬ 
proach to quantum gravi¬ 
ty has begun to attract at¬ 
tention* The theory bears 
at least a superficial resem¬ 
blance to String theory, in 
that its fundamental fea¬ 
tures are also tiny loops. Yet 
these loops correspond not 
to objects or events but to 
space Itself. 

The model has been called 
the loop-space theory or the 
Ashtekar theory’, after Abhay 
Ashtekar of Syracuse Univer¬ 
sity, who took the first step 
toward the concept by tin¬ 
kering with the equations of 
general relativity. (Ashtekar 
is not fond of either name, 
since the loop-space concept 
is just part of the theory' and 
he is only one of several 


contributors. He is open to suggestions 
for a new name.) Since the theory w T as 
conceived seven years ago, more than 
200 papers by dozens of theorists have 
been devoted to it* “It's the greatest 
thing to happen in years," says John A. 
Wheeler of Princeton University, a pio¬ 
neer in quantum gravity research. "They 
still have a lot to understand, but this 
is a way to gain new insights." 

Formulating gravity in quantum me¬ 
chanical terms once seemed to be a 
fairly straightforward task, Ashtekar 
notes* General relativity itself predicts 
that gravity, like the other forces of na¬ 
ture, propagates across space at the 
speed of light. In fact, astronomers are 
already searching for intense gravita¬ 
tional waves generated by pairs of 
black holes and other exotic phenome¬ 
na Isee “Catching the Wave," by Russell 
Ruthen; Scientific American, March]* 
To “quantize" gravity, physicists need¬ 
ed simply to show that gravitational 
waves actually consist of quantum par¬ 
ticles, or gravitons, with properties 


similar to those of photons, gluons and 
other force-carrying particles* 
Beginning in the 1960s, theorists 
seemed to have developed the mathe¬ 
matical tools to accomplish this feat* 
The tools, called perturbation methods, 
helped to eliminate inconsistencies— 
such as predictions whose likelihood 
exceeded 100 percent—that arose when 
physicists tried to derive precise pre¬ 
dictions from quantum theories of elec¬ 
tromagnetism and the nuclear forces. 
Permrbation methods allow workers to 
avoid the inconsistencies by deriving a 
series of approximate rather than exact 
solutions to the theories. 

But perturbation failed to eliminate 
the inconsistencies arising from quan¬ 
tized models of gravity* The reason for 
this failure, Ashtekar explains, has to 
do with a fundamental difference be¬ 
tween gravity and the other forces of 
nature* Perturbation methods assume 
that ihe force-transmitting quanta ca¬ 
reer, collide and pirouette on a fixed, 
unchanging stage of space and time. 

But according to general rel¬ 
ativity, gravitons alter the ge¬ 
ometry of space and time, 
and that alteration in turn 
affects the behavior of the 
gravitons. This self-referen¬ 
tial, nonlinear properly' of 
gravity distinguishes it from 
all other forces and makes it 
impossible to tame with per¬ 
turbation methods. 

In the mid-1980s AshLekar 
began searching for a "nan- 
perturbative" quantum grav¬ 
ity theory, one that could 
generate consistent solutions 
without approximations. He 
decided that the key was to 
replace the metric, a variable 
representing the geometry of 
space and time in general rel¬ 
ativity, with some more mal¬ 
leable variable. He eventually 
chose a mathematical func¬ 
tion originally developed by 
Amitabha Sen, a physicist 
now at Motorola, 

The Sen variable splits time 
and space, which are unified 
into a single, four-dimension¬ 
al continuum under Einstein's 
metric, into two distinct enti¬ 
ties subject to quantum un¬ 
certainty and analogous to 
position and momentum in 


- Jr Vt 


TOO LOOPY? Lee Smolin of Syracuse University illustrates the 
loop-space concept at conferences with a model made of in¬ 
terlinked key rings. Photo: Frank Veronsky. 
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conventional quantum mechanics. Al¬ 
tered in this way, Einstein's equations 
suddenly resembled those used in 
quantum theories of electromagnetism. 
The equations also became much sim¬ 
pler and easier to manipulate. 

Shortly after Ashtekar reported on 
his work in 1985, Theodore A. Jacob¬ 
son of the University of Maryland, Car¬ 
lo RoveUi of the University of Pitts¬ 
burgh and Lee Smolin of Syracuse Uni¬ 
versity' determined that Ashtekar's new 
formulation could indeed generate ex¬ 
act solutions for certain quantum grav¬ 
itational states. Borrowing from the 
mathematics of knot theory , Rovelli and 
Smolin then showed that each of these 
quantum states cotUd be considered as 
a different knot, of which the simplest 
form was a loop. These loops are akin 
to the lines of force generated by an 
electric field. 

Ashtekar, Smolin and Rovelli have 
been trying to demonstrate how these 
knots and loops can be woven togeth¬ 
er, like the links in a chain-mail coat, to 
form the apparently seamless fabric of 
space. The loops are so tightly knitted 


that they cannot be distinguished ex¬ 
cept at a distance of 1CH 5 meter, a 
length as small in comparison to an 
atom as an atom is in comparison to 
the solar system. General relativity' pre¬ 
dicts that at precisely this scale, known 
as the Planck scale, quantum gravita¬ 
tional effects should become signifi¬ 
cant. This is also the scale at which sti- 
persuings are thought to operate. 

One crucial difference between loop- 
space theory and superstring theory is 
that the latter purports to explain not 
just gravity but all the forces and parti¬ 
cles of nature. Such a theory is some¬ 
times caUed a theory of everything. The 
loop-space theory is currently less am¬ 
bitious, generally describing only the 
passage of gravitons through otherwise 
empty space. The gravitons appear as 
"embroidery" knitted into the loops, 

Ashtekar and his colleagues have just 
begun Inserting particles corresponding 
to other forces and to mass, such as 
photons or protons, into the loop-space 
model Although the model correctly de¬ 
scribes the interactions of gravity and 
matter, Smolin concedes that it may 


never “explain” all the forces of nature 
from first causes in the way superstring 
theory is intended to do. "We don't have 
some overreaching ambition to have 
a complete theory of nature,” Smolin 
says. “Our idea is to have a quantum 
mechanical theory of gravity,” 

That in itself would be a tremendous 
achievement. Gravity is by far the weak¬ 
est of all the forces, and under most cir¬ 
cumstances its effects on small-scale, 
quantum interactions can be ignored. 
But a quantum gravity theory is crucial 
for understanding what happens in the 
first instant of the big bang or toward 
the center of a black hole, where ener¬ 
gies and densities surge toward infinity 
and Planck-scale effects predominate. 

Some physicists have suggested that 
the loop-space theory' is based on 
Hawed assumptions and will not lead 
to any significant breakthrough, “It's my 
opinion, and the opinion of some other 
superstring theorists, that this is just 
wrong,” says David Gross of Princeton 
University, a prominent superstrings 
advocate. Eventually, he predicts, the 
loop-space theorists will founder on 
the same mathematical problems that 
have blocked similar eff orts. 

This assessment is too pessimistic, 
says Gary T. Horowitz of the University 
of California at Santa Barbara. He sug¬ 
gests that some string theorists, be¬ 
cause they were trained as particle 
physicists, are overly skeptical of loop- 
space theory and any other approach 
to quantum gravity rooted in general 
relativity. While the loop-space workers 
“have not proved their case,” says Horo¬ 
witz, w r ho describes himself as a string 
theorist, “I don't think their problems 
arc insurmountable.” After all, he adds, 
the jury is still out on superstrmgs, too. 

Smolin considers superstrmgs and 
loops to be complementary rather than 
competing approaches to a more fun¬ 
damental theory of physics. “We should 
be able to learn a lot from each other,” 
he says. "Neither approach is likely to 
be the entire truth. People will learn 
more and more about how to solve 
different parts of the problem, and 
then someone will come along with an 
entirely new theory that will incorpo¬ 
rate both of these views.” 

A consistent theory of quantum 
gravity, Smolin adds, may also help re¬ 
solve some of the nagging philosoph¬ 
ical questions that quantum mechan¬ 
ics injected into physics early in this 
century. Is uncertainty 7 intrinsic to real¬ 
ity? Does reality exist independent of 
observation? “I don't think you can 
solve these problems with philosophy 
or just by talking about them,” Smolin 
says* “1 think it will require some new 
physics.” — John Morgan 


It Came from Within 

T homas Gold is a true scientific iconoclast. He is perhaps best known 
for his claim that oil and natural gas stem not from decayed organ¬ 
isms, as virtually all other experts maintain, but from nonbiological 
processes occurring deep inside the earth. Now Gold, a physicist at Cornell 
University, is once again flouting conventional wisdom. In the Proceedings 
of the National Academy of Sciences, he argues that life first began billions 
of years ago not at or near the earth's surface, as most biologists believe, but 
in rocky fissures far underground. 

Gold speculates that some of the primitive microorganisms migrated to 
the surface, where they evolved into amoebas, anchovies and actors. But 
most still dwell underground, sustained not by light and oxygen as most or¬ 
ganisms are but by sulfur compounds, methane or other energy-rich chemi¬ 
cals. Moreover, similar subterranean communities may exist within other 
planets (and moons) in the solar system. 

Cold points out that the most primitive of all living organisms are anaero¬ 
bic, thermophilic microbes called archaebacteria, which thrive in hot (tip to 
120 degrees Celsius), airless environments. These organisms have been 
found in boreholes more than 500 meters deep, in hot springs on the 
seafloor and in other unlikely locations. Not surprisingly, the most dramatic 
borehole evidence that Cold cites was collected at a drilling project in Swe¬ 
den that he himself initiated six years ago to find nonbiological oil and gas. 
Although that effort has been a bust—according to most experts, if not to 
Gold—he says the drills have turned up microbes five kilometers down. 

Cold argues, moreover, that the earth’s interior would have provided a much 
more hospitable environment for proto-life four billion years ago than the sur¬ 
face would have, ravaged as it was by asteroids and cosmic radiation. And if 
life emerged within the earth, then why not within other planets? "Deep, chem¬ 
ically supplied life," Gold says, "may be very common in the universe.” 

Carl R. Woese of the University of Illinois, an authority on archaebacteria, 
applauds Gold's speculation—or its terrestrial component, at least. "All the 
theories in the microbiology world and the origin of life are in flux,” he says, 
"so it's time to widen the realm of the possible.” Gold's suggestion that life 
might also dwell within other planets, however, "goes beyond what I'm com¬ 
fortable with, 1 ' Woese says. —John Morgan 
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Noisy Nucleotides 

DNA sequences show 
fractal correlations 

C ommuter traffic, earthquakes and 
the selection of presidential can- 
didates usually seem to take 
place in random ways. But investiga¬ 
tors of chaos theory who turn to pat¬ 
terns called fractals manage to find or¬ 
der in the midst of such unpredictable 
events. Now add DNA to the catalogue 
of things fractallike. "There is some 
magical phenomenon going on that we 
just do not understand,” says H. Eugene 
Stanley, a physicist at Boston University. 

The orderly patterns of fractals 
emerge because an incident in the ap¬ 
parently chaotic system is actually cor¬ 
related with a previous occurrence, 
much as a long-lasting pocket of slowly 
moving vehicles can result from one 
rubbernecking motorist briefly hitting 


the brake. Calculations by Stanley’s re¬ 
search group and by Wentian Li of the 
Rockefeller University and Richard F. 
Voss of the IBM Thomas J. Watson Re¬ 
search Center have shown that the po¬ 
sition of nucleotides—adenine, guanine, 
cytosine and thymine—in a DNA se¬ 
quence depends to some extent on the 
nucleotides that preceded it. 

The patterns in nucleotide sequences 
are similar to flicker, or 1/f noise (pro¬ 
nounced “one over eff”). These fluctua¬ 
tions are time-scale analogues to the 
shapes of fractals, such as snowflakes 
and coastlines, which have the property 
of self-similarity: the component parts 
resemble the structure as a whole. The 
patterns of 1/f noise are just as preva¬ 
lent in nature as their geometric coun¬ 
terparts; they can be found in such di¬ 
verse phenomena as electric circuits and 
flood records. “It is a special form of 
correlations found in natural phenome¬ 
na and in human behavior,” says Voss, 
who found its presence in music. 


If signals are completely random, as 
are the outcomes of flipping a coin, the 
results would show a "white noise" sig¬ 
nature. Unless the coin is weighted, the 
probability of heads will be one half re¬ 
gardless of what came before. The out¬ 
come would be a collection of random 
signals similar to those that produce the 
rushing sounds between FM stations. 

In fact, "if you want to store as much 
information as possible over some 
length, the best storage method will be 
hke white noise," notes Chung-Kang 
Peng, a member of Stanley's group. That 
is because every signal would be com¬ 
pletely independent and carry its own 
message. If genetic data were stored as 
white noise, the probability of finding 
the same information along a strand of 
DNA would decay exponentially the fur¬ 
ther along the sequence one looked. “If 
the second nucleotide knows 50 percent 
of what the first knows, then the third 
knows only 25 percent,” Peng says. 

But base pairs in DNA do not seem to 


Hot Ants 


T hey live on the edge. Saharan silver ants eat dried 
corpses, love extreme heat and are given to dramat¬ 
ic, but short-lived, outbursts. When the temperature 
climbs above 45 degrees Celsius in the desert and the 
lucky creatures that have not been fried by the sun have 
bedded down for siesta, the desert floor explodes. Hun¬ 
dreds of ants from a Cataglyphis bomhydna colony rush 
out of their burrow and, for several minutes, forage for the 
desiccated remains of less fortunate arthropods. 

Like sunstruck travelers who pause frequently to mop 
their brows, the scavenging ants rest on sparse vegetation. 
Some spend as much as 75 percent of their time staying 
cool this way. Those unable to find a blade of dried grass 
and climb above ground level into cooler dimes may per- 
ish for the cause and become food for their colony. 

Their remarkable heat adaptation allows the ants to sur¬ 
vive in a rough environment. Not only do they feed when 
others sleep, but by charging out of their holes at the 
hottest point of the day, Saharan silver ants avoid their prin¬ 
cipal predator—a lizard that begins to retire just at midday. 

Similar thermophilic behavior has been observed in two 
other genera of desert ant: Ocy- 
myrmex in Namibia and Melopho- 
rus in Australia. "Each real desert 
in the world has them," says 
Rudiger Wehner, professor of zo¬ 
ology at the University of Zurich, 
whose study of the insects re¬ 
cently appeared in Nature , "ft is 
an example of parallel evolution." 

All species of Cataglyphis are 
unusual in that they do not leave 
scent marks. Like colonies of ol¬ 
factory Hansels and Gretels, most 
ants leave a trail of pheromones 
on the way to their food source. 

The insects then use smell to 


guide them between nest and food. If need be, some 
species can navigate using patterns of polarized light. 

Most desert ants also forage at night and during the 
cooler parts of the day. But at peak heat, "it would not 
make sense to use pheromones," Wehner explains. Phero¬ 
mones have high vapor pressure and would evaporate 
quickly, leaving the ants stranded. In addition, the chemi¬ 
cals are affixed to sand particles, which are easily blown 
away. It is thought that thermophilic ants such as C. bom- 
byema rely mainly on celestial cues, particularly polarized 
light, as a means of orientation. “They are all individuals,” 
Wehner notes proudly. "They don't follow each other—it is 
like the explosion of a star.” 

Wehner's discovery that temperature triggers the ant ex¬ 
odus was accidental. After a long, hot day in the Sahara 
collecting ants and observing their behavior, he and his 
colleagues would drive around in a Land Rover, returning 
the ants to their respective lairs. "We were being very kind 
to them,” he explains. One evening the researchers put 
some ants back in a tunnel network and "suddenly there 
was an outburst," Wehner describes. 

Because the team had ob¬ 
served these explosions only at 
midday, Wehner concluded that 
the heat of the Land Rover had 
warmed up the ants. Their height¬ 
ened temperature then prompted 
the emergence of other foragers. 
The ants, however, were not 
fooled for long: they went about 
20 meters and then turned back. 

Despite burning sun and sand, 
Wehner will stand and sweat 
by his ants. “I will work until the 
end of my life with these crea¬ 
tures,” he says. "They are too fas¬ 
cinating.' 1 — Marguerite Holloway 



SOME DESERT ANTS forage (in this case, for a 
researcher’s cheese) at temperatures above 45 
degrees Celsius. Photo: Rudiger Wehner. 


Scientific .American September 1992 13 








occur in a completely random fashion. 
The researchers applied different statis¬ 
tical techniques to DNA sequences cata¬ 
logued in GenBank, a storehouse of ge¬ 
netic codes at Los Alamos National Lab¬ 
oratory', They found that the decay is 
much slower than exponential decrease. 
Specifically, the sequences show approx¬ 
imate l/f patterns. Roughly speaking, 
the f here represents the number of 
bases over which a particular nucleotide 
repeats. 

Along with Stanley's group, Li, a phys¬ 
icist, found that correlations exist in the 
intron sequences of DNA, Molecular bi¬ 
ologists have sometimes referred to in- 
trons as “junk DNA" because they do 
not encode structural information. The 
real information-carrying regions are 
located in sequences called exons. Yet 
unlike in Irons, exons Lack long-range 
correlation and resemble white noise. 

Exactly why intron but not exon se¬ 
quences show 7 the correlations is not en¬ 
tirely known. The researchers think the 
long-range correlations—w r hich extend 
over thousands of base-pair positions— 
represent a trade-off between efficient 
information storage and protection 
against error in the genetic code. Be¬ 
cause changing one part forces a change 
in other parts, there is some redundan¬ 
cy in the code. Thus, the correlations 
“would give some immunity to error" 
during transcription, Voss says. Exons, 
w'hich hold the crucial data, would not 
exhibit long-range correlations because 
they need to carry as much informa¬ 
tion as possible. 

Indeed, Voss has turned up some in¬ 
triguing results based on evolutionary’ 
classification. He found that the se¬ 
quences for organisms lowest on the 
evolutionary scale (bacteria and bacte¬ 
riophages) were the least correlated. The 
correlations increased for higher organ¬ 
isms, reaching perfect l/f patterns in 
invertebrates. Then the scaling correla¬ 
tions decreased for vertebrates, mam¬ 
mals, rodents and finally primates, 

Stanley and his colleagues will soon 
publish a slightly different result. The 
correlations increased as they moved 
up the entire evolutionary ladder. The 
group discovered that “as you evolve, 
the long-range correlations become 
stronger and stronger," Stanley says. 

The results indicate that simpler or¬ 
ganisms (that is, those with short se¬ 
quences) would not need the error pre¬ 
vention required to maintain Lhe more 
complex DNA sequences. “There seems 
to be a general principle involved," Voss 
observes. Nature has these fractal and 
l/f-type fluctuations, so “when systems 
evolve in nature, they have to build in 
the same correlations,” he remarks. 

That may explain in part why music 


is pleasing. “One speculation is that mu¬ 
sic is trying to imitate nature and builds 
in l/f noise," Voss explains. But a co¬ 
hesive model to account for the ubiquity 
of l/f and fractal phenomena eludes 
researchers. Like many a scientist and 
harried office worker before him, Li 
laments: "There is still a lot of work to 
be done." — Philip Yam 


Bug in a Gilded Cage 

All that glitters is 
sometimes bacterial 

P anning for gold in frigid .Alaskan 
streams, prospectors mused about 
mysterious outcroppings of ore, 
the mother lodes from which they pre¬ 
sumed the precious flecks and nuggets 
came. If John R. Watterson of the U.S. 
Geological Survey in Denver is right, 
the immediate origin of the prospec¬ 
tors 1 gold has as much to do with biol¬ 
ogy’ as with geology . He has found evi¬ 
dence that most of the stream-borne 
gold particles tn Alaska, and possibly 
elsewhere, w r ere formed by bacteria that 
accrete a thin skin of pure gold. 

Under the electron microscope, many 
of the gold dust particles Watterson has 
examined resolve into a lacy mesh of 
micron-diameter balls and thinner 
struts. Often the structures are con¬ 
fined to the surface of the gold parti¬ 
cles, but some particles are solid masses 
of them. Watterson has proposed that 
the structures are the 24-karat castings 


of bacteria belonging to the genus Pe- 
domiemhium. "The fact that you can 
find these residual morphologies in the 
majority 7 of particles l examined sug¬ 
gests that most of it is secondary' gold 
that dissolved and reprecipitated on 
the cells,” Watterson says. "That is quite 
contrary to the current model.” 

As far back as Aristotle, earth scien¬ 
tists have generally believed that placer 
gold, as such particles are called, is the 
result of mechanical weathering: wind 
and water chipping away at veins of ore. 
During this century', geologists have be¬ 
come more aware of how chemical— 
and sometimes biological—processes 
can also shape mineral deposits, 

Wat ter son's discovery follows by 
about 10 years his serendipitous obser¬ 
vation that gold solutions are lethal to 
many soil bacteria. Thin coats of gold, 
he explains, tend to condense around 
the bacterial spores, dogging the nar¬ 
row pores in their cell walls through 
which nutrients enter. 

Those observations spurred Watter¬ 
son to look for similar accumulations 
of gold around cells in natural soils. 
When he looked at placer gold particles 
from Lillian Creek in Alaska, he was im¬ 
mediately struck by the abundance of 
Pedomicrobium cell castings. “It looked 
like a Ping-Pong-ball truck had ruptured 
on the highway," he recalls. “They were 
all over the place.” Many of the particles 
seemed to be solid masses of gilded 
cells. Some gold samples from China 
and South .Africa showed similar bacte¬ 
rial shapes, which suggests that Pe- 
domicrobia and related bacteria might 



GOLD PARTICLE' about 0.1 millimeter wide is a 24-karat mass of bacteria that accu¬ 
mulate gold around themselves. Photo: John R, Watterson* 
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have been involved in the formation of 
piacer gold around the world. 

Pedomicrobia can survive the accu¬ 
mulation of gold better than most bac¬ 
teria, Watterson thinks, because of their 
unusual reproductive habits. Most bac¬ 
teria multiply by fission, splitting into 
separate cells. Pedomicrobia, however, 
often reproduce hy budding. Because 
new cells bud off their parents, remain¬ 
ing attached by short stalks, the bacte¬ 
ria can grow fast enough to escape the 
gilded cages closing around them. The 
reliance on budding also explains why 
these bacteria are good at forming visi¬ 
ble gold particles: masses of Pedomi¬ 
crobia cohere to one another rather 
than becoming isolated cells. 

Stephen Mann, a biomineralization 
expert at the University 7 of Bath, points 
out that many bacteiia can become en¬ 
cased in mineral coatings under the 
right circumstances. Quite aside from 
their proclivity for gathering gold, Pe- 
domicrobium bacteria accumulate iron 
and manganese oxides around them¬ 
selves inside pipes in hydroelectric 
plants and similar environments rich in 
dissolved minerals. En general, howev¬ 


er, these mineral deposits are the form¬ 
less products of chance interactions be¬ 
tween metal ions and various molecules 
leaving the cells. The golden casings 
around the Pedomicrobium cells are ex¬ 
traordinary, Mann remarks, because 
they are almost perfect in their purity. 

The specificity with which the bacte¬ 
ria are gathering gold suggests that 
some molecule on their cell wall attracts 
gold complexes selectively. Asked what 
the bacteria might be doing with the 
gold, Watterson replies, “That’s still an 
absolute mystery to me.” Mann has 
speculated that the precipitating gold 
complexes may serve as acceptors of 
electrons from some biochemical pro- 
cess within the cells. 

If there is a cell-wall protein that turns 
Pedomicrobia into gold bugs, Mann con¬ 
tinues, it should be possible eventually 
to clone its gene and transfer it into 
other bacteria for industrial applica¬ 
tions. Many mining companies are al¬ 
ready using bacteria to help extract 
metals from low-grade ores. Surely 
some 21st-century 7 prospector will try 7 
to harness these microscopic Midases 
as well. — John Rennie 


Bent Light 

Gravitational distortions 
illuminate dark matter 

I magine walking into a pitch-black 
room and being asked to describe 
the people standing silently inside. 
That is the kind of quandary faced 
hy astronomers trying to learn more 
about dark matter, the unseen mate¬ 
rial thought to account for as much 
as 99 percent of the mass of the uni¬ 
verse. Amazingly enough, they are hav¬ 
ing some success in this undertaking. 

All knowledge of dark matter derives 
from the fact that it has mass and so 
produces a gravitational field. In the 
past few years several astronomers have 
utilized that property to “see” dark mat¬ 
ter indirectly. Because gravity' bends, or 
lenses, light (according to Einstein’s the¬ 
ory of relativity), dark matter can be 
discerned when it distorts one’s view 7 of 
luminous matter. “The potential of this 
technique has barely been explored,” 
says Scott D. Tremaine of the Universi¬ 
ty of Toronto, a veteran of dark matter 
searches. “I'm very 7 optimistic about it." 

The existence of dark matter was 
posited during the 1970s. At the time, 
astronomers demonstrated that the out¬ 
er parts of galaxies rotate much faster 
than theory would predict. If galaxies 
consisted only of luminous matter, they 
would quickly fly apart. Similarly, indi¬ 
vidual galaxies in clusters move at in¬ 
explicably high velocities, and yet the 
clusters have not dispersed. The only 
plausible explanation for such behavior 
is that galaxies and clusters contain a 
healthy dose of dark matter that pro¬ 
vides the gravitational glue needed to 
hold them together. 

Clumps of dark matter probably 
helped to instigate the coalescence of 
the visible galaxies and dusters of gal¬ 
axies. The abundance of dark matter 
determines the mass, and hence the 
fate, of the universe. Current theories 
predict there should be just enough 
dark matter to overcome the present 
cosmic expansion. 

A little astronomical sleuthing has 
at last begun to unravel the riddle of 
where the invisible matter resides and 
how much of it there is> Although gal¬ 
axy’ motions cannot provide much in¬ 
formation about where the dark matter 
is located, observations of gravitation¬ 
al bending of light can. To that end, 
J. Anthony Tyson and Richard Wenk of 
AT&T Bell Laboratories and Francisco 
Valdes of the National Optical Astron¬ 
omy Observatories have focused their 
attention on faint, blue galaxies several 
billion light-years from the earth. 


Making Water Run Uphill 

W ater usually runs downhill—except in the laboratory of Manoj K. 
Chaudhury, a senior research specialist at Dow Corning Corporation 
in Midland, Mich. Along with Harvard University chemist George M. 
Whitesides, Chaudhury has coaxed liquids to skate almost a centimeter 
across the surface of a silicon wafer, defying the tug of gravity as they go. 

In the past, scientists have shown that liquids can flow uphill driven by 
changes in the surface of the liquid—say, differences in temperature or evap¬ 
oration. Chaudhury and Whitesides's work, in contrast, shows that a chemi¬ 
cal gradient on the surface of a solid material can induce similar behavior. 

A deft bit of chemical legerdemain provides the magic behind the moving 
droplets. Chemists have long known that some materials are hydrophobic, 
or repel water; others are hydrophilic, or attract it. By carefully diffusing a 
gradient of sflane vapor over a polished silicon wafer, the researchers creat¬ 
ed a surface that becomes more hydrophilic as the layer of silane thins. 

A milliliter or so droplet of water deposited on the hydrophobic end of a 
wafer is consequently drawn to the other side. Even when the wafer is tilted 
upward at a 15-degree angle, that pull overwhelms both gravity and the vis¬ 
cosity (or stickiness) of the liquid and draws the droplet uphill. 

Although Chaudhury and Whitesides picked silicon and water for their 
first experiments, other combinations of solids and liquids perform the 
same trick. Acetonitrile, which has a low viscosity, is particularly speedy, 
moving at a rate of eight to nine millimeters per second in contrast to wa¬ 
ter's pace of one to three millimeters per second. If the researchers can 
lengthen the distance over which their droplets travel to several centimeters, 
the technique may have applications in sensor technology. 

Chaudhury and Whitesides began the project to explore the fluid dynam¬ 
ics at the so-called three-phase boundary, the realm where liquids, solids 
and gases interact. (The droplets turn to vapor at the boundary between the 
liquid and solid substrate.) 

The researchers' results nicely illustrate a theory proposed three years ago 
by Frangoise Brochard-Wyart, a French physicist. Although Chaudhury had 
confidence in the theoretical explanations, he says, “it was really very grati¬ 
fying when we saw the drop actually move.” —Elizabeth Corcoran 
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Each square degree of sky contains 
more than 300,000 blue galaxies, 
enough to provide a convenient back¬ 
drop against which to search for dark 
matter. Gravity from dusters of galax¬ 
ies located closer to the earth deflects 
light from the more distant blue galax¬ 
ies, altering their oval forms into elon¬ 
gated ellipses and arcs. The shapes and 
locations of the distorted blue galaxies 
indicate the abundance and distribu¬ 
tion of matter in the nearer duster. 

Tyson finds that dark matter follows 
the overall pattern of visible matter hill 
that its basic unit of "dumpiness” mea¬ 
sures about 300,000 light-years across, 
distinctly larger than a typical galaxy. 
Vahe Petrosian of Stanford University, 
who has made gravitational-lens obser¬ 
vations much like those done by Tyson, 
notes that his work shows dark mat¬ 
ter to be “more highly peaked’—that is, 
more centrally concentrated—than the 
luminous matter in dusters. Thai find¬ 
ing underscores just how little is known 
about the origin of structure: most cos¬ 
mological models predict thai dark mat¬ 
ter should be spread more evenly than 
the visible galaxies. 

Dark matter may form halos that 
stretch far beyond the visible edges of 
dusters of galaxies. If so, it “could easi¬ 
ly close the universe,” Tyson says; in 
other words, its gravitational pull could 
eventually halt the expansion of the 
universe. Tremaine adds that “there is 
no reason why you can't have dark 
matter clusters with no visible frosting 
at all.” Much of the mass of the uni¬ 


verse could reside in unseen dumps 
that are devoid of luminous galaxies. 

So far Tyson can only set a lower lim¬ 
it to the density of the universe of 
about 0.2 times the critical value need¬ 
ed to overcome the expansion. Improv¬ 
ing that estimate will require measur¬ 
ing the total extent of the dark matter 
halos. The outer parts of clusters cover 
broad patches of sky, so surveying 
them demands the use of large light 
detectors that can make use of a tele¬ 
scope's entire held of view. In the past 
the available detectors were too small 
to do the job properly. Tyson plans to 
begin using a larger detector this fall. 

If there is enough dark matter to dose 
the universe, then dark matter halos 
must fill the space between dusters 
of galaxies. In that case, one could look 
at an apparently empty section of sky 
and still see signs of gravitational dis¬ 
tortion. Such observations might also 
chance on dusters consisting solely 
of dark matter. Conversely, if no such 
distortion appears, one could conclude 
that the density of the universe is well 
below the critical value—a finding that 
would send a lot of theorists back to 
their blackboards. 

Tyson has looked at 40 blank fields 
and claims he already has an answer, 
but he is not telling anyone until he 
double-checks Ms results. A follow-up 
search using the updated detectors will 
take about a year. Until then, astrono¬ 
mers will have to be content to believe 
that there is light at the end of the dark 
matter tunnel. —Corey 5. Powell 


Population Pressure 

The road from Rio 
is paved with factions 

At times it seems there are as 

/ Y many opinions concerning what— 
j- V if anything—to do about pop¬ 
ulation growth as there are people on 
the planet. Bitter schisms often divide 
groups arguing for women’s rights, fam¬ 
ily planning and health, environmental 
protection, reduced consumption of nat¬ 
ural resources, economic development 
and population control. “We arc hearing 
the same things over and over and over 
again. Nothing has changed in the past 
20 years,” laments Jodi L. Jacobson, se¬ 
nior researcher at the Worldwatch In¬ 
stitute. “There is a lot of controversy 
between groups that should not be at 
odds with each other.” 

Indeed, the topic almost proved too 
controversial even for delegates to the 
United Nations Conference on Environ¬ 
ment and Development (UNCED) in Rio 
de Janeiro this past summer. At the of¬ 
ficial meeting, held some 30 miles out¬ 
side the city, speakers, including execu¬ 
tive director of the U.N. Environment 
Program Mostafa K. Tolba and Norwe¬ 
gian prime minister Gro Harlem Brundt- 
land, urged immediate steps to address 
population growth. "Poverty, environ¬ 
ment and population can no longer be 
dealt with, or even thought of, as sepa¬ 
rate issues," Brundtland warned. 

Meanwhile in down town Rio, partici¬ 
pants on a panel at the Global Forum—a 
meeting attended by some 2,000 non¬ 
governmental organizations as a paral¬ 
lel summit to UNCED—viewed efforts to 
control population as an infringement 
on women’s rights, as a way to avoid 
eradicating poverty in developing coun¬ 
tries and as a means of silencing Third 
World poor. “It is like triage: kill off the 
weak,” said Vandana Shiva, director of 
the Research Foundation for Science, 
Technology and Natural Resource Policy 
in Delira Dun, India. "Fascism never 
sleeps permanently.” 

Such rancorous debates are hardly 
new. Since 1968, when Stanford Univer¬ 
sity biologist Paul R. Ehrlich emphasized 
the link between population growth and 
environmental degradation, experts have 
been contesting the merits of popula¬ 
tion “control” versus encouraging eco¬ 
nomic development as the means of 
slowing population growth. In that time, 
the number of human beings has in¬ 
creased from 3.5 to 5.5 billion. 

Although the growth rate has actually 
declined from about 2.0 to L7 percent 
during the past 25 years, some 97 mil¬ 
lion people will be added annually in this 



FAINT BLUE ARCS (center regions) are distant galaxies whose light has been bent 
by the cluster of orange galaxies (foreground). The distort ion reveals the location 
and quantity of dark matter in the cluster. Image: J. Anthony Tyson. 
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decade. Depending on rates of growth, 
current projections put global popula¬ 
tion between 10 and 12,5 billion by 
2050. And 97 percent of this increase is 
anticipated to take place in the develop¬ 
ing world, wliere 32 percent of the pop¬ 
ulation is younger than 15 years—that 
is, just coming into childbearing years. 

For the first time, organizations such 
as the National Academy of Sciences and 
the Royal Society of London have be¬ 
come outspoken about the need to focus 
on population growth. Before the Earth 
Summit, the institutions issued a joint 
statement warning against overpopu¬ 
lation, “Population control is a codeter¬ 
minant with control of environmental 
damage," comments Nobel laureate Hen¬ 
ry Kendall of the Union of Concerned 
Scientists, which is starting a population 
project. “People who take issue with con¬ 
trol of population do not understand 
that if it is not done in a graceful way, 
nature will do it in a brutal fashion.” 

Yet so far many environmentalists 
have steered clear of population. Some 
have worried about losing members if 
they endorsed policies that touch even 
indirectly on abortion. Despite his out¬ 
spoken support for family planning 
during the late 1960s, President George 
Bush cut all U.S. funding to the U.N, 
Population Fund in 1985. He also elimi¬ 
nated money for international family¬ 
planning programs that provided abor¬ 
tion counseling or services (even if U.S. 
money was not directly spent on abor¬ 
tion). “Whenever you mention family 
planning and contraceptives, you have 
pushed the abortion button," notes Eric 
Washburn of the Natural Resources De¬ 
fense Council, which is beginning to in¬ 
corporate population into its programs. 

Environmental associations have also 
been loath to tackle immigration issues. 
Some forays into this area have been 
criticized. In California, for instance, Si¬ 
erra Club joined other groups, includ¬ 
ing Population-Environment Balance, a 
nonprofit organization based in Wash¬ 
ington, D.C., to support “sustainable de¬ 
velopment and quality of life." Popula¬ 
tion-Environment Balance endorses a 
“replacement level” policy: 200,000 peo¬ 
ple would be lei into the U.S. every year, 
a number equivalent to the number who 
emigrate. The short-lived coalition was 
attacked as potentially racist. 

In the aftermath of Rio, however, en¬ 
vironmental organizations seem to rec¬ 
ognize that population is an issue they 
can no longer ignore. “Everyone is com¬ 
ing to realize that it is a piece of the en¬ 
vironmental problem," notes Deborah 
Moore, staff scientist at the Environ¬ 
mental Defense Fund (EDF). Some are 
concentrating on reducing consump¬ 
tion—for example, industrialized na¬ 


tions consume 75 percent of all energy 
used but contain only 25 percent of the 
population, according to the EDF, Oth¬ 
ers are focusing on immigration, on 
carrying capacity (the population any 
region can support without degrada¬ 
tion) and on lobbying to increase fund¬ 
ing to family-planning programs. 

An influx of money is catalyzing some 
population programs. Several founda¬ 
tions have set aside grants for pop¬ 
ulation projects within environmental 
groups. The Pew Charitable Trusts, for 
example, recently invited several of the 
country's largest environmental associa¬ 
tions, including Ducks Unlimited, as well 
as religious and population groups, to 
submit proposals. Pew may give out as 
many as 10 grants of $400,000. “There 
is a rush on,“ Moore observes. 

But Moore and others worry that too 
much haste may lead to an oversimpli¬ 
fication of issues: “We don’t even have 
a good understanding of cause and ef¬ 
fect.” High population density does not 
necessarily result in environmental deg¬ 
radation, Mootc maintains. Deforesta¬ 
tion in the Amazon rain forest is not so 
much related to an increasing popula¬ 
tion as it is to land ownership and de¬ 
mand for timber and beef, she says; in 
contrast, water pollution in urban areas 
such as Sao Paulo can be directly linked 
to overpopulation. 

In addition, experts in the environ¬ 
mental, scientific and family-planning 
communities are concerned that hu¬ 
man rights and economic development 
have been ignored by some population- 
control efforts. Reports of forced steril¬ 
ization (in such countries as China and 
India), inadequate health services and 
the use of local populations as guinea 
pigs in contraceptive tests have made 
many women deeply distrustful of fam¬ 
ily-planning services. “In the past, gov¬ 
ernments have really run roughshod 
over the rights of women,” agrees Alex 
Marshall of the U.N. Population Fund. 

Many plans have also ignored family 
health, notes Jacobson of Worldw ? atch. 
Birth rate may he down in Thailand, she 
points out, but sexually transmitted dis¬ 
ease is on the rise. And in Brazil, so few 
forms of birth control are available that 
41 percent of women choose steriliza¬ 
tion as their means of contraception. 
Family planning “will be moot unless it 
has support from the bottom up,” ob¬ 
serves Ellen Starbird of the U.S. Agency 
for International Development. 

Starbird and others argue that fami¬ 
ly-planning projects must take into ac¬ 
count the concerns of people using, or 
avoiding, the services—such as some 
of the women speaking in Rio. “I wish 
some of the Northern groups were more 
sensitive to the Thud World women,” 


concurs John Rowley of the Internation¬ 
al Planned Parenthood Federation. 

Despite the means by which some 
population policies have been imple¬ 
mented, many such efforts have won 
Significant support among Third World 
feminists who acknowledge that the ser¬ 
vices often improve women’s economic 
status and health—particularly when 
they are integrated with family health 
clinics and education. “Contraception is 
one of the tools to economic develop¬ 
ment,” comments Wanga G. Mumba, ex¬ 
ecutive director of the Environment and 
Population Center in Lusaka, Zambia. 

Even so, the UN. estimates that as 
many as 300 million women have no ac¬ 
cess to family planning, although 150 
million want to stop or delay childbear¬ 
ing. According to the Population Cri¬ 
sis Committee (PCC), population would 
become stable around nine billion by 
2050 if 75 percent of couples used fami¬ 
ly planning. This goal could be met if 
the world’s annual family-planning bud¬ 
get were $10.5 billion by 2000, PCC re¬ 
ports. (The world now spends $4.5 bil¬ 
lion on such services; 85 percent of the 
money comes from developing nations.) 

The passionate discussions at the 
Earth Summit may result in some steps 
in the right direction. Initially, popula¬ 
tion was absent from UNCED’s agenda: 
developing countries said they would 
not discuss population unless devel¬ 
oped countries discussed consumption. 

One of the signed documents in¬ 
cludes a $7.1-billion figure in a much 
contested chapter on “demographic: dy¬ 
namics and sustainability-” But critics 
say the wording in Agenda 21, the 800- 
page strategic environment and devel¬ 
opment outline for the next century, 
makes the issue trivial. They argue that 
interference by the Vatican and by some 
feminist groups weakened the language 
by deleting the word “contraception” 
and the phrase “family planning.” 

Others counter dial the important 
ideas were preserved. “We were looking 
for agreed language that would not give 
away the substance, and we did that,” 
explains Marie Coleman from Australia, 
a senior visiting fellow at Pennsylvania 
State University, who chaired the group 
that drafted the chapter. “For the first 
time, we have language that locks in 
the Muslim countries and the Vatican.” 

But Agenda 21 means little unless the 
money is spent, women’s concerns are 
taken into account and diverse organi¬ 
zations collaborate. "It seems a ridicu¬ 
lous problem,” comments Washburn of 
the National Resources Defense Coun¬ 
cil. “If there are any groups that should 
be working together, it is the environ¬ 
mentalists, the population groups and 
the feminists.” —Marguerite Holloway 
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MARK TILDEN constructs tiny robots with parts from dead Walkmans , discarded cal¬ 
culators and other high-tech trash , Photo: Michael Messner.: 
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Photovores 

Intelligent robots are 
constructed from castoffs 

W hen the lights turn on in Mark 
Tilden's office at the Universi¬ 
ty of Waterloo in Ontario, visi¬ 
tors are sometimes startled: a roller 
edges forward here, and a hopper 
springs into the air over there. Tilden 
made these light-craving robots based 
on what he calls BEAM principles (for 
biology , electronics, aesthetics and me¬ 
chanics). Lovingly polished brass and 
stainless steel frames embrace motors 
that once ran Vanilla Ice tapes, solar 
cells that powered pocket calculators 
and gears that drove printer spools. 

In spite of his university setting, 
Tilden operates outside the academic 
territory of peer review and incremental 
thought. No anatomic charts of his ele¬ 
gant, spidery creations of brass and sili¬ 
con grace journal pages. Yet the robots 
have invaded not only Tilden’s office 
but also high school robot workshops 
and even the Third Artificial Life Con¬ 
ference, held in Santa Fe, N.M., in June. 

By using only recycled electronic and 
mechanical equipment, Tilden forces 
himself and his cadre of disciples to be 
imaginative, to avoid falling back on 
the construction of special-purpose so¬ 
lutions that lack biological elan. BEAM 
robots must not cost more than a few 
dollars to build. Out the door go mil¬ 
lion-dollar grants and development con¬ 


tracts. Occasionally, but only in the ex¬ 
tremity of empty trash bins, will he re¬ 
sort to off-the-shelf components. 

A hardware engineer at the universi¬ 
ty's Computing Facility by day and a 
robot designer by night, Tilden has built 
no less than 32 different robots from 
electromechanical castoffs. The earliest 
are the simplest; the most recent actu¬ 
ally walk. Do they represent some kind 
of evolutionary process? "Evolve? Who 
wants to evolve? If you can't survive, 
you're Spam in a can!" Tilden exclaims. 

Survival means continuing to operate 
year in and year nut with no mainte¬ 
nance. It means being strong enough to 
withstand a fall from a shelf, and it 
means, above all, functioning with a min¬ 
imum of brains. Among Tilden's sim¬ 
plest creatures are solarollers, wheeled 
robots that roll forward under a desk- 
lamp “sun” Hoppers sil quiescently for 
long periods, steadily accumulating en¬ 
ergy in a capacitor, then leap a foot or 
more into the air. Pointless now, per¬ 
haps, but potential pre-adaptive behav¬ 
ior for a later BEAM bug. 

At the Santa Fe meeting, a light-seek¬ 
ing robot (Tilden calls them photovores) 
known as the turbot was a favorite. 
The tetrahedral turbot moves by rolling 
from one of its four triangular faces to 
another, pried up and over by a rotat¬ 
ing arm. In strong light the turbot stays 
within a confined area, but in dimmer 
light it balances more frequently on Us 
edges and develops chaotic movements 
that take it further afield. 

Through high school robotics work¬ 
shops, Tilden has inspired a new gener¬ 
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atlon of students. The better students 
enter their latest creations in the annu- 
al Robot Olympics conducted by Tilden. 
Nonstudents from japan and the U.S. 
also bring their BEAMish bugs to com¬ 
pete in high jumping, rope climbing 
and sumo wrestling, as well as in the 
micromouse maze and solaroHer races. 
Conducted every spring, the Robot 
Olympics have created a flood of mail 
aslting for Tilden’s Olympic rules and 
guidelines booklet. 

Reveling in the powers of the sim¬ 
plest circuits, Tilden wonders if his crea¬ 
tures will ever need anything like a 
brain. He tells the story of a fly that 
buzzed about a particular window in 
his apartment for too many days last 
winter. He moved his solar-powered 
window cleaner there to keep the fly 
continually busy. Then, after half an 
hour of breadboarding, he completed 
the basic circuit for a mechanical fly¬ 
trap of the Venus persuasion. Within a 
few hours, the BEAM window cleaner 
had teased the fly into the BEAM trap, 
w T here metal petals closed slowly over 
it. On the following day, Tilden found 
the fly's carcass below' the window, 
where, in time, the BEAM floor cleaner 
would pick it up. 

Tilden is suspicious of the usual ap¬ 
proach to artificial intelligence. “You 
can't slam-dunk a brain into a robot 
body and expect it to do anything use¬ 
ful or interesting,” he says. He accuses 
AJ engineers of loading too many low- 
level control functions into software 
when simple circuits or even mecha¬ 
nisms might handle them. 

Tilden is not alone in feeling that ro¬ 
botics is best tackled from the bottom 
up. Rodney Brooks, director of a micro- 
robotics laboratory at the Massachu¬ 
setts institute of Techno logy, shares 
that view. Brooks has pioneered simple 
walking robots that use only a few mi¬ 
crochips in place of a complete comput¬ 
er, In fact, Tilden traces the develop¬ 
ment of his passion for lifelike mech¬ 
anisms to a talk that Brooks gave in 
October 1989, Brooks described his no¬ 
tion of subsumption architecture. This 
view' holds that complex behavior be¬ 
comes possible in a robot only when 
there are simpler behaviors present 
that it may subsume. 

Tilden finally met his mentor at the 
Santa Fe conference, where Ills menag¬ 
erie of creatures unintentionally stole 
die show' from the single large insect 
that Brooks brought to the conference. 
For the future, Tilden ponders an "ecol¬ 
ogy” of robots fulfilling their biological, 
electronic, artistic and mechanical man¬ 
dates in concert. They will, one hopes, 
be better disposed to one another than 
to flies. —A. K. Dewdney 
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PROFILE: ROY F. SCHWITTERS 


The Frustrations of a Quark Hunter 


R oy F, Schwitters teeters on the 
edge of his chair, glaring across 
the hearing room at Senator Dale 
Bumpers of Arkansas. .As director of the 
Superconducting Super Collider (SSC), 
Schwitters is fighting for the life of the 
project. If the construction of the SSC 
is completed, it will be the world's 
most powerful particle accelerator and 
its most expensive scientific in¬ 
strument. But in mid-June, the 
House of Representatives voted 
to kill the SS.3-billion program. 

Today Schwitters must try to 
persuade 51 senators to restore 
the funding. 

“Do you know the project¬ 
ed cost of the dipole mag¬ 
nets?” Bumpers asks, referring 
to the magnets that may some¬ 
day guide energetic particles 
through the SSCs 87-kilomcter- 
long circular tunnel under the 
prairie near Dallas. 

“Roughly SI 50,000 each, 
Schwitters replies, 

"According to Dr. William 
Happer," Bumpers snarls, the 
Japanese think “the cost of 
building the magnets will be 
two to four times higher than 
[you] estimate/' 

"That was an early projection, 
sir,” he exclaims in a firm voice 
steeped in anger. “It was made 
before w*e had the opportunity 
to talk things over with the ex¬ 
perts who are now building the 
magnets." The source of the 
controversy, William Happer, is 
sitting in the audience. Bumpers 
asks him to stand, and Happer, 
a bit embarrassed, admits he now 
agrees with the figure of SI 50,000, 

For three hours, Schwitters parries the 
attacks of Bumpers and defends the SSC 
before a panel of nine senators, Schwit¬ 
ters is not battling alone. Five Nobel 
Prize winners attended the hearing to 
lend their weight to his cause. Later in 
the day Schwitters meets with President 
George Bush, who promises to gel per¬ 
sonally involved. Yet with the public 
complaining about government spend¬ 
ing in an election year, can Congress 
resist the symbolic gesture of eliminat¬ 
ing its most costly science program? 
Schwitters, now r 48, feels a deep obli¬ 


gation to provide a productive future 
for particle physics by completing the 
giant accelerator. In the 1970s he was 
one of the key investigators in a discov¬ 
ery that confirmed the existence of fun¬ 
damental particles called quarks. As a 
professor of physics at Harvard Univer¬ 
sity during the 1980s, he directed the 
construction of the premiere particle 


detector for the world's highest-energy 
accelerator at the Fermi National Accel¬ 
erator Laboratory (Fermilab). And if 
Schwitters succeeds in building the Su¬ 
perconducting Super Collider, he may 
just preside over the discovery of the 
factor that gives all particles mass. 

Driving half an hour through Ellis 
County, Tex., from the SSC headquarters 
to the magnet-testing facility! Schwit¬ 
ters welcomes an opportunity to talk 
about himself instead of the project for 
a change. He grew r up in Seattle, and 
like many children of the Sputnik era, 
he learned to enjoy launching model 
rockets, building radios and experi¬ 


menting with chemistry sets. “My par¬ 
ents w p ere very supportive,” he says. T 
was always blowing things up,” 
.Although neither of his parents had 
a college education, they encouraged 
him to go to the Massachusetts Insti¬ 
tute of Technology. It was the first time 
he bad traveled east of the Mississippi. 
During his college years, Schwitters got 
the “world's greatest summer job" as a 
guide at Mount Rainier National Park in 
Washington State. There he met Karen 
Chrystal; they were married at 
the end of Schwitters’s junior 
year. He remained at M.LT. for a 
doctoral degree in physics and 
performed the experiments for 
his thesis at the Stanford lin¬ 
ear Accelerator Center (SLAC). 
In 1971, as Schwitters finished 
his dissertation, his wife gave 
birth to the first of their three 
children. 

Schwitters joined SI AC as a 
postdoctoral student, wanting 
lo continue his work with that 
“good, highly motivated group.” 
Under the direction of Burton 
Richter, Schwitters, along with 
Martin Breidenbach, George H. 
Trilling and Gerson Goldhaber, 
began building a complex par- 
tide detector for the Stanford 
Positron-Electron Asymmetric 
Rings (SPEAR). The SPEAR collid¬ 
er smashed electrons into their 
antimatter counterparts, posi¬ 
trons, in collisions that released 
as much as four billion electron 
volts (GeV) of energy. 

During the early 1970s, physi¬ 
cists were just beginning to ac¬ 
cept the idea that all matter 
was composed of quarks and 
leptons. This theory hdd that 
the proton and neutron were composed 
of three quarks each; the electron and 
positron were classified as leptons. Yet 
physicists had barely an inkling that 
there might be several kinds, or fami¬ 
lies, of quarks and leptons. 

In 1973 the SPEAR group noticed that 
it was producing something unusual 
at an energy of about 3.2 GeV. When 
electrons and positrons collided at that 
energy, the number of "events” record¬ 
ed w r as slightly higher than the average 
at other energies. In June 1974 the 
team decided to take another look at 
the curious results. The initial analysis 
revealed nothing. But several weeks lat- 



ROY F. SCHWITTERS is fighting congressional opposi¬ 
tion to the construction of the Super Collider under¬ 
neath the Texas prairie. Photo: David Sants , 
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er the team realized that a computer 
glitch had skewed the results. 

At home one mid-October night, 
Schwitters began to scrutinize the runs, 
one by one. He found two in which the 
number of events was three times high¬ 
er than the average. “I thought this was 
great,” Schwitters chuckles. “I had found 
the bad runs, and all we would have to 
do is find a reason to remove them.” 
On October 22 he and his colleagues 
began a painstaking analysis of the tw r o 
“bad” sets of data. Perhaps, they specu¬ 
lated, the inconsistencies were the re¬ 
sult of a malfunctioning component of 
the detector or another computer error. 

Then, while waiting for a bus on the 
afternoon of November 5, Schwitters 
"literally had one of these epiphanies 
that people talk about in science,” he 
recalls. “1 realized there was nothing 
wrong with the runs.” Rather, he re¬ 
members thinking, the group may have 
actually discovered a new r particle. 

Because the evidence was prelimi¬ 
nary, the group would need to perform 
another set of measurements. But the 
SPEAR collider had been upgraded to 
produce collisions at 5 GeV, and it was 
no easy feat to crank The machine back 
down to 3.2 GeV. “A few of us fought 
like crazy to go back and check,” 
Schwitters says. Richter reluctantly de¬ 
cided the team could spend the week¬ 
end to take another look. 

By Sunday, November 10, at an ener¬ 
gy of 3,105 GeV, they were producing 
events at 100 times the normal rate. 
They had seen the signature of a new 
type of quark called charm. More im¬ 
portant, the existence of charm estab¬ 
lished that the theory of quarks was 
correct beyond a shadow of a doubt. 
“Needless to say," Schwitters exclaims, 
“that was the most important point in 
my scientific career.” 

But the SPEAR team was not alone in 
its discovery. Using a particle accelera¬ 
tor, the Alternating Gradient Synchro¬ 
tron at Brookhaven National Laborato¬ 
ry, Samuel Chao Chung Ting and his 
collaborators had also found evidence 
for the charm quark. On November 11 
both teams announced the discovery of 
a new r particle at 3.105 GeV. Ting had 
had good evidence as early as the end 
of October but did not have the con¬ 
fidence to publish his results. 

During the next year, rumors circu¬ 
lated that the SLAC team had learned 
of Ting’s work well before November 
11. But in 1976 the Royal Swedish 
Academy of Sciences settled the issue 
of priority, for the most pari, by award¬ 
ing both Richter and Ting the Nobel 
Prize for the discovery of the charm 
quark. Since Lhen, physicists have con¬ 
cluded that quarks come in six differ¬ 


ent “flavors": up, down, strange, charm, 
bottom and top; all have been discov¬ 
ered except the top quark. 

In 1979, excited by the prospects of 
teaching and living in Boston, Schwit¬ 
ters accepted a professorship in the 
physics department of Harvard Univer¬ 
sity. During his tenure, he continued to 
apply his expertise in accelerator de¬ 
tectors. He teamed up with Alvin V. 
Tollestrup to lead the international 


Schwitters feels a deep 
obligation to provide a 
productive future for 
particle physics. 


team of 200 scientists designing and 
building the Collider Detector at Fermi- 
lab (CDF). The detector weighed 4,500 
tons and could accommodate more 
than 100,000 particle collisions per 
second. For a decade, the CDF was the 
primary experimental apparatus of the 
laboratory', revealing insights into the 
size of quarks, the nature of the weak 
and electromagnetic forces and the 
properties of the bottom quark. 

Throughout, one of Schwitters’s goals 
has been the elusive top quark. He had 
hoped to detect it at SLAC; tie had ex¬ 
pected to see it at Fermilab, No such 
luck. “1 feel," Schwitters says, “a little 
like the Captain Ahab of the top quark." 
Not surprisingly, he has had his hopes 
pinned on the SSC since he became in¬ 
volved in the project in 1986. 

At the time, Maury Tigner of Cornell 
University' was responsible for develop¬ 
ing the initial design of the collider. As 
now conceived, the major components 
of the collider will be installed in a long 
circular tunnel, 50 meters below the 
grassy plains of Ellis County. The SSC is 
designed to accelerate two beams of 
protons in opposite directions and 
guide them into the center of one of 
two huge detectors. There the collision 
of one proton with another should re¬ 
lease 40 trillion electron volts (TeV)—an 
energy scale that surpasses existing ac¬ 
celerators by a factor of 20. 

Schwitters became the dir ector of the 
laboratory in January 1989, just as Ad¬ 
miral James D. Watkins was being con- 
tinned as secretary of energy. As head 
of the agency that provides the federal 
funding for U.5. accelerator programs, 
Watkins told senators he would not ap¬ 
prove the construction of the SSC “if it 
went a penny above 5.9 billion." That 
year Congress appropriated the first 
S225 million to start the project. 

Yet in 1990, as the laboratory began 
the final design work, it became clear 


that the SSC, as originally envisioned, 
could not be built for $5.9 billion. To 
date, Schwitters's laboratory has spent 
more than $1 billion of state and fed¬ 
eral funds to develop the magnets and 
begin construction. “We had to soul- 
search,” Schwitters explains. “Should we 
reduce the scientific scope, or should 
we ask the government for some more 
money? It was a very trying time.” 

Particle physicists objected strongly 
to scaling back the SSC, If the collid¬ 
er generated much less than 40 TeV, 
the project would have little chance of 
achieving its primary scientific goal: the 
discovery of the origin of mass. Theo¬ 
rists have calculated that a proton col¬ 
lider at 40 TeV will generate evidence 
for a particle known as the Higgs bo¬ 
son—or reveal a more complex mecha¬ 
nism—that accounts for the mass of all 
particles. “The whole motive," Schwit¬ 
ters declares, “is to do science and 
build a machine that works.” 

Congress was sympathetic to that ar¬ 
gument in 1991, and it acceded to the 
fact that the collider might cost $8.3 
billion. But the legislators’ largess ap¬ 
parently did not extend into 1992. If 
the SSC survives the current funding 
crisis, Schwitters’s worries are far from 
over. First, his team must conduct the 
final tests on prototypes of the mag¬ 
nets before mass production can begin. 
Second, the laboratory is counting on 
foreign nations to contribute nearly 
$1.5 of the $8.3 billion, but intense 
negotiations, particularly with the Jap¬ 
anese, have failed so far to obtain a 
commitment. 

Most important, Schwitters must cre¬ 
ate an environment for cutting-edge re¬ 
search while supervising a mammoth 
construction project. “The research ini¬ 
tiatives must come from the youngest 
members of the staff, who will proba¬ 
bly have the best new ideas,” he com¬ 
ments. “We have to provide that oppor¬ 
tunity' in the framework of a major 
construction project that must have 
dear top-down responsibility’ for all of 
the taxpayers' money." 

Through all the political wrangling, 
Schwitters is trying to keep his staff 
focused on events in Ellis County rath¬ 
er than on Capitol Hill. Yet lurking in 
the back of all of their minds is the 
thought that the laboratory 7 may be 
shut down. “We convinced the govern¬ 
ment to go forward five years ago," 
Schwitters sighs. “A lot of money has 
been spent. People have been moved 
off their farms. To say, 'Sorry, w r e didn’t 
really mean if—that is exceedingly 
negative." Schwitters’s choice of words 
would likely have been more flavorful 
were it not for his delicate position in 
Washington. — Russell Ruthert 
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Mind and Brain 

The biological foundations of consciousness, memory 
and other attributes of mind have begun to emerge; 
an overview of this most profound of all research efforts 

by Gerald D, Fischbach 


R oth gave me a piece of her mind this 
morning. I am grateful, of course, but 
I don’t know where to put it or, for 
that matter, what it is. I suppose that the im¬ 
peratives belong in the limbic system and the 
geographic information in the hippocampus, 
but 1 am not sure* My problem also troubled 
Rene Descartes. Three centuries ago he de¬ 
scribed the mind as an extracorporeal entity 
that was expressed through the pineal gland. 

Descartes was wrong about the pineal, but 
the debate he stimulated regarding the rela¬ 
tion between mind and brain rages on. How does the non- 
material mind influence the brain, and vice versa? 

In addressing this issue, Descartes wns at a disadvantage. 
He did not realize the human brain was the most complex 
structure in the known universe, complex enough to coor¬ 
dinate the fingers of a concert pianist or to create a three- 
dimensional landscape from tight that falls on a two-dimen¬ 
sional retina. He did not know that the machinery of the brain 
is constructed and maintained jointly by genes and by experi¬ 
ence. And he certainly did not know that the current version 
is the result of millions of years of evolution* It is difficult to 
understand the brain because, unlike a computer, it was not 
built with specific purposes or principles of design in mind. 
Natural selection, the engine of evolution, is responsible. 

If Descartes had known these things, he might have won¬ 
dered, along with modem neurobiologisLs, whether the brain 
is complex enough to account for the mystery of human imag¬ 
ination, of memory and mood. Philosophical inquiry must be 
supplemented by experiments that now are among the most 
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urgent, challenging and exciting in all of sci¬ 
ence. Our survival and probably the survival of 
this planet depend on a more complete under¬ 
standing of the human mind, if we agree to 
think of the mind as a collection of mental 
processes rather than as a substance or spir¬ 
it, it becomes easier to get on with the neces¬ 
sary' empirical studies. In this context the ad¬ 
jective is less provocative than the noun* 

Tire authors of the articles in this special is¬ 
sue of Scientific American and their colleagues 
have been pressing the search foi the neural 
basis of mental phenomena. They assume that mental events 
can be correlated with patterns of nerve impulses in the brain. 
To appreciate the meaning of this assumption fully, one must 
consider how nerve cells, or neurons, work; how r they commu¬ 
nicate with one another; how they are organized into local or 
distributed networks, and how the connections between neu¬ 
rons change with experience. It is also important to define 
dearly the mental phenomena that need to be explained* Re¬ 
markable advances have been made at each level of analysis* 
Intriguing correlations have in fact begun to emerge between 
mental attributes and the patterns of nerve impulses that flare 
and fade in time and space, somewhere inside the brain. 

T he most striking features of the human brain are the 
large, seemingly symmetric cerebral hemispheres that 
sit astride the central core, which extends down to the 
spinal cord. The corrugated hemispheres are covered by a cell- 
rich, laminated cortex two millimeters in thickness* The cere¬ 
bral cortex can be subdivided by morphological and function¬ 
al criteria into numerous sensory' receiving areas, motor-con¬ 
trol areas and less well-defined areas in which associative 
events take place. Many observers assume that here, in the 
interface between input and output, the grand syntheses of 
mental life must occur. 

It may not be that simple. Mind is often equated with con¬ 
sciousness, a subjective sense of self-awareness. A vigilant 
inner core that does the sensing and moving is a powerful 
metaphor, but there is no a priori reason to assign a particu¬ 
lar locus to consciousness or even to assume that such glob¬ 
al awareness exists as a physiologically unified entity. More¬ 
over, there is more to mind than consciousness or the cere- 
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HIDE-AND-SEEK (1940-42), by Pavel Tchelitchew, captures 
interplay between the mind and environment that influences 
the brain's development as well as its architecture. Hidden 


bral cortex. Urges, moods, desires and subconscious forms 
of learning are mental phenomena in the broad view. We are 
not zombies. Affect depends on the function of neurons in 
the same manner as does conscious thought. 

A nd so we return to the organ itself. The brain Lmmedi- 
ately confronts us with its great complexity. The hu- 
X Jl man brain weighs only three to four pounds but 
contains about 100 billion neurons. .Although that extraordi- 
nary number is of the same order of magnitude as the num¬ 
ber of stars in the Milky Way, it cannot account for the com¬ 
plexity of the brain. The liver probably contains 100 million 
cells, but 1,000 livers do not add up to a rich inner life. 


Forms are embedded figures, a delicate test of mental function. 
Roots, branches and vines suggest neuronal arborization and 
the ability of such structures to change. 


Part of the complexity lies in the diversity of nerve cells, 
which Santiago Ramon y Cajal, the father of modem brain 
science, described as " the mysterious butterflies of the soul, 
the bearing of whose wings may some day—who knows?— 
clarify the secret of mental life.’’ Cajal began his monumen¬ 
tal studies of adult and embryonic neurons about 100 years 
ago, when he came across Camilio Golgi's method of stam¬ 
ing neurons with silver salts. The great advantage of this 
technique, winch led Cajal to his neuron doctrine, is that sil¬ 
ver impregnates some cells in their entirety but leaves the 
majority untouched. Individuals thus emerged from the for¬ 
est, Seeing them, Cajal realized immediately that the brain 
was made up of discrete units rather than a continuous net. 
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How Neurons Communicate 




A neuron that has been excited (turquoise) conveys in- 
/ \ formation to other neurons ( purple ) by generating 
X i impulses known as action potentials. These signals 
propagate like waves down the length of the cell's single 
axon and are converted to chemical signals at synapses, 
the contact points between neurons. 

When a neuron is at rest, its external membrane main¬ 
tains an electrical potential difference of about -70 milli¬ 
volts (the inner surface is negative relative to the outer 
surface). At rest, the membrane is more permeable to po¬ 
tassium ions than to sodium ions, as indicated by the 
lengths of the dark arrows in the inset at the top right. 
When the cell is stimulated, the permeability to sodium in¬ 


creases, leading to an inrush of positive charges (tf). This 
inrush triggers an impulse—a momentary reversal ( b ) of 
the membrane potential. The impulse is initiated at the 
junction of the cell body and the axon and is conducted 
away from the cell body (red arrows). 

When the impulse reaches the axon terminals of the 
presynaptic neuron. it induces the release of neurotrans¬ 
mitter molecules (inset at bottom left). Transmitters dif¬ 
fuse across a narrow cleft and bind to receptors in the 
postsynaptic membrane. Such binding leads to the open¬ 
ing of ion channels and often, in turn, to the generation of 
action potentials in the postsynaptic neuron. For the sake 
of clarity, several elements are drawn larger than scale. 
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The Brain: Organ of the Mind 


Tl or good reason, the human brain is sometimes 

H hailed as the most complex object in the universe. 

I It comprises a trillion cells, 100 billion of them neu^ 
rons linked in networks that give rise to intelligence, cre¬ 
ativity, emotion, consciousness and memory* Large ana¬ 
tomic subdivisions in the brain offer a rough map of its 
capabilities. At a very gross level, the brain is bilaterally 
symmetric, its left and right hemispheres connected by 
the corpus callosum and other axonal bridges. Its base 
consists of structures such as the medulla, which regu¬ 
lates the autonomic functions (including respiration, cir¬ 
culation and digestion), and the cerebellum, which coordi¬ 
nates movement. Within lies the limbic system (blue), a 
collection of structures involved in emotional behavior, 
long-term memory and other functions. 


The highly convoluted surface of the cerebral hemi¬ 
spheres—the cortex (from the Latin word for bark)—is 
about two millimeters thick and has a total surface area of 
about 1.5 meters, approximately that of an office desk. The 
most evolutionary ancient part of the cortex is part of the 
limbic system. The larger, younger neocortex is divided 
into frontal, temporal, parietal and occipital lobes that are 
separated by particularly deep sulci, or folds. Most thought 
and perception take place as nerve impulses, called action 
potentials, move across and through the cortex. Some brain 
regions with specialized functions have been studied in de¬ 
tail, such as the motor cortex {pink), the somatosensory 
cortex (yellow) and the visual pathway (purple). From the 
collective activity of all the brain regions emerges the most 
fascinating neurological phenomenon of all: the mind. 
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NEURONS, revealed by Golgi staining, carry nerve impulses. The cellular architec¬ 
ture of the brain was discovered by Santiago Ramon y CajaL Janet Robbins in Da¬ 
vid FL Hubei's laboratory at Harvard Medical School made this preparation. 


He described neurons as polarized cells 
that receive signals on highly branched 
extensions of their bodies, called den¬ 
drites, and send the information along 
unbranched extensions, called axons. 
The Golgi stain revealed a great varie¬ 
ty of cell body shapes, dendritic arbors 
and axon lengths. Cajal discerned a 
basic distinction between cells having 
short axons that communicate with 
neighbors and cells having long axons 
that project to other regions. 

Shape is not the only source of vari¬ 
ation among neurons. Diversity is even 
greater if molecular differences are con¬ 
sidered. Whereas all cells contain the 
same set of genes, individual cells ex¬ 
press, or activate, only a small subset. 
In the brain, selective gene expression 
has been found within such seemingly 
homogeneous populations as the ama- 
crine cells in the retina, the Purkinje 
cells in the cerebellum and the motor 
neurons in the spinal cord. Beyond the 
structural and molecular differences, 
even more relined distinctions among 
neurons can be made if their inputs 
and projections are taken into account. 
Is it possible that each neuron is 
unique? This is certainly not the case in 
all but the most trivial circumstances. 
Yet the fact that the brain is not made 
up of interchangeable parts cannot be 
ignored. 

In the face of this astounding diversi¬ 
ty, it is a relief to learn that simplifica¬ 
tions can be made. Several years ago 
Vernon B. Mountcastle, working on the 
somatosensory cortex, and David H. Hu¬ 
bei and Torsten N. Wiesel, working on 
the visual cortex, produced an impor¬ 
tant insight. They observed that neu¬ 
rons of similar function are grouped to¬ 


gether in columns or slabs that extend 
through the thickness of the cortex. A 
typical module in the visual cortex 
whose component cells respond to a 
line of a particular orientation measures 
approximately one tenth of a millimeter 
across. The module could include more 
than 100,000 cells, the great majority 
of which participate in local circuits de¬ 
voted to a particular function. 

Another simplification is that all neu¬ 
rons conduct information in much the 
same way. Information travels along ax¬ 
ons in the form of brief electrical im¬ 
pulses called action potentials, the beat¬ 
ing wings of Cajal 1 s butterflies. Action 
potentials, which measure about tOO 
millivolts in amplitude and one milli¬ 
second in duration, result from the 
movement of positively charged sodium 
ions across the surface membrane from 
the extracellular fluid into the cell inte¬ 
rior, or cytoplasm. 

The sodium concentration in the ex¬ 
tracellular space is about 10 times the 
intracellular concentration. The resting 
membrane maintains a voltage gradi¬ 
ent of -70 millivolts; the cytoplasm is 
negatively charged with respect to the 
outside. But sodium does not enter rap¬ 
idly because the resting membrane does 
not allow these ions easy access. Physi¬ 
cal or chemical stimuli that decrease 
the voltage gradient, or depolarize the 
membrane, increase sodium permeabil¬ 
ity. Sodium influx further depolarizes 
the membrane, thus increasing sodium 
permeability even more. 

At a critical potential called the 
threshold, the positive feedback pro¬ 
duces a regenerative event that forces 
the membrane potential to reverse in 
sign. That is, the inside of the cell be¬ 


comes positive wiLh respect to the out¬ 
side. After about one millisecond the 
sodium permeability declines, and the 
membrane potential returns to -70 mil¬ 
livolts, Us resting value. The sodium 
permeability mechanism remains re¬ 
fractory for a few milliseconds after 
each explosion. This limits to 200 per 
second or less the rate at which action 
potentials can be generated. 

Although axons look like insulated 
wires, they do not conduct impulses in 
the same way. They are not good ca¬ 
bles: the resistance along the axis is too 
high and the membrane resistance too 
low. The positive charge that enters the 
axon during the action potential is dis¬ 
sipated in one or two millimeters. To 
travel distances that may reach many 
centimeters, the action potential must 
be frequently regenerated along the 
way. The need to boost repeatedly the 
current limits the maximum speed at 
which an impulse travels to about 100 
meters per second. That is less than 
one millionth of the speed at which an 
electrical signal moves in a copper 
wire. Thus, action potentials are rela¬ 
tively low frequency, stereotypical sig¬ 
nals that are conducted at a snail's 
pace. Fleeting thoughts must depend 
on the relative timing of impulses con¬ 
ducted over many axons in parallel and 
on the thousands of connections made 
by each one. 

The brain is not a syncytium, at least 
not a simple one. Action potentials can¬ 
not jump from one cell to another. Most 
often, communication between neurons 
is mediated by chemical transmitters 
that are released at specialized contacts 
called synapses. When an action poten¬ 
tial arrives at the axon terminal, trans¬ 
mitters are released from small ves¬ 
icles in which they are packaged into 
a cleft 20 nanometers in width that 
separates presynaptic and postsynap- 
tic membranes. Calcium ions enter the 
nerve terminal during the peak of the 
action potential. Their movement pro¬ 
vides the cue for synchronized exocyto- 
sis, the coordinated release of the neu- 
rotransmltter molecules. 

Once released, transmitters bind to 
postsynaptic receptors, triggering a 
change in membrane permeability. The 
effect is excitatory when the movement 
of charge brings the membrane clos¬ 
er to the threshold for action-poten¬ 
tial generation. It is inhibitory when the 
membrane is stabilized near its resting 
value. Each synapse produces only a 
small effect. To set the intensity (action- 
potential frequency) of its output, each 
neuron must continually integrate up 
to 1,000 synaptic inputs, which do not 
add up in a simple linear manner. Each 
neuron is a sophisticated computer. 
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STRUCTURAL VARIETY OF NEURONS (shown as tracings from Golgi stains) con¬ 
tributes to the vast capacity of the brain to store, retrieve, use and express infor¬ 
mation, as well as to experience emotion and control movement. 


Many different kinds of transmitters 
have been identified in the brain, and 
this variety has enormous implications 
for brain function. Since the first neu- 
retransmitter was identified in 1921, 
the list of candidates has grown at an in¬ 
creasing pace. Fifty is close to the mark. 
We have learned a great deal about how 
transmitters are synthesized, how they 
are released and how they activate re¬ 
ceptors in the postsynaptic membrane. 

This level of analysis is particularly 
relevant for psychiatric and neurologi¬ 
cal disorders that shed light on the 
workings of the mind [see “Major Dis¬ 
orders of Mind and Brain," by Elliot S, 
Gershon and Ronald G, Rieder, page 
88], For example, drugs that allevi¬ 
ate anxiety, such as Valium, augment 
the action of gamma-aminobutyric add 
(GABA), an important inhibitory trans- 
miner. Antidepressants, such as Prozac, 
enhance the action of serotonin, an in- 
doleamine with a wide variety of func¬ 
tions. Cocaine facilitates the action of 
dopamine, whereas certain antipsychot- 
ics antagonize this catecholamine. Nic¬ 
otine activates acetylcholine receptors, 
which are distributed throughout the 
cerebral cortex. Further insight into the 
chemical bases of thinking and behavior 
depends on obtaining more precise data 
regarding the sites of action of these 
potent agents and on the discovery of 
more selective ligands, molecules that 
bind to receptors. 

The power of the molecule-to-mind 
approach can be illustrated by recent ad¬ 
vances in the pharmacologic treatment 
of schizophrenia, the most common and 
the most devastating of all thought dis¬ 
orders, The classic antipsychotic drugs 


include the phenothiazines (for exam¬ 
ple, Thorazine) and the butyrophenones 
(for example, Haldol). These agents ame¬ 
liorate hallucinations, delusions, disor¬ 
ganized thinking and inappropriate af¬ 
fect—the “positive" symptoms of schizo¬ 
phrenia that are most evident during 
acute psychotic episodes. They are not 
as effective in treating autism and pau¬ 
city of speech—“negative" symptoms 
that are prominent during interpsychot- 
ic intervals. Moreover, they all produce 
subtle, abnormal movements when ad¬ 
ministered to treat acute episodes of ill¬ 
ness (hence the name “neuroleptics”). 
When administered for a long time, 
they often cause a devastating disorder 
called tardive dyskinesia. Involuntary 
and at times incessant writhing move¬ 
ments of the limbs and trunk charac¬ 
terize the disorder, which can persist 
long after the drug is discontinued. 

Why would an agent that affects men¬ 
tal function also produce motor symp¬ 
toms? The answer lies in the fact that 
conventional antipsychotics prevent the 
binding of dopamine to its receptors. 
To appreciate the importance of this 
insight, one must know that dopamine- 
containing nerve cell bodies, gathered 
deep in the midbrain in a region known 
as the ventral tegmentum, project their 
axons widely to the prefrontal cortex 
as w^ell as to subcortical structures, in¬ 
cluding the basal ganglia* which are in¬ 
volved in many aspects of motor con¬ 
trol, The prefrontal cortex is particular¬ 
ly relevant to schizophrenia because it 
contains circuits that are active during 
manipulation of symbolic information 
and in a type of short-term memory 
called working memory’ [see “Working 
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PET SCANS show the brain of a human 
subject performing a series of intellectu¬ 
al tasks related to words. The positron 
emission tomographic technique reveals 
that blood flow in the brain shifts lo dif¬ 
ferent locations, depending on which 
task is being performed. Marcus Raichle 
of the Washington University School of 
Medicine made the images. 


Memory’ and the Mind/ 1 by Patricia S, 
Goldman-Rakic, page 72 J. Neurons in 
this region may form a central process¬ 
ing unit of sorts. 

A new drug, clozapine, affects the 
negative as well as the positive symp¬ 
toms of schizophrenia. Most imp or 
tant, clozapine does not lead to tardive 
dyskinesia. The discovery of addition¬ 
al members of the dopamine receptor 
family may provide the explanation for 
the unique efficacy and selectivity' of 
this antipsychotic. 

T ransmitter receptors can be 
grouped into two large (and grow¬ 
ing) superfamilies based on their 
amino acid sequence and on presump¬ 
tions about the shape that the mole¬ 
cules assume as part of the cell mem¬ 
brane in which they are embedded. A 
more detailed receptor classification 
scheme has emerged. It incorporates 
molecular architecture as well as the 
more traditional criteria of ligand bind¬ 
ing and function. Based on the added 
molecular information, one receptor 
superfamily consists of ion channels, 
proteins that can form aqueous pores 
through which ions cross the mem¬ 
brane. They underlie the changes in per¬ 
meability' discussed above. The other 
super family, which includes the dopa¬ 
mine receptors, does not form chan¬ 
nels. Instead its members imexact with 
a neighboring membrane protein that 
cleaves a high-energy phosphate bond 
from guanosine triphosphate. This pro¬ 
cess initiates a cascade of biochemical 
reactions. Such G protein-mcdiatcd ef¬ 
fects are slow In onset, and they last 
longer than directly gated receptor re¬ 
sponses. It is therefore unlikely that 
they mediate rapid, point-to-point syn¬ 
aptic transmission in the brain. Rather 
they modulate the way ion channels re¬ 
spond to stimuli. They set the gain of 
the system much as the pedals on a pi¬ 
ano modulate the action of the keys. 

The first dopamine receptor gene 
was isolated four years ago. The search 
was based on the presumption that the 
receptor would resemble other recep¬ 
tors that were known to couple to G 
proteins. This powerful “homology* 
screening strategy led in short order to 



the identification of four more dopa¬ 
mine receptors. One of the recent addi¬ 
tions, imaginatively named D 4 , has at¬ 
tracted considerable attention. The re¬ 
ceptor binds dopamine and clozapine 
with extraordinarily high affinity'. Of 
equal importance, the D 4 gene is appar¬ 
ently not expressed in the basal ganglia, 
a finding that may explain the absence 
of tardive dyskinesia. Precise localiza¬ 
tion of the D 4 receptor within the pre¬ 
frontal cortex may reveal the origin of 
hallucinations or at least a component 
of the neural machinery* that has gone 
awry in schizophrenia. 

The slow rate at which psychoactive 
drugs work presents a puzzle. Drug re¬ 
ceptor Interactions are immediate, yet 
symptoms of schizophrenia, depres¬ 
sion and other disorders do not resolve 
for several weeks. The first consequenc¬ 
es of drug binding cannot be the sole 
explanation for their efficacy. This is¬ 
sue leads to a more general considera¬ 
tion of mechanisms by which the envi¬ 
ronment might change the brain. 

Investigation of dopamine synapses 
has also provided information about the 
curse of drug addiction. Cocaine, which 
binds to and inhibits a protein that 
transports dopamine away from its site 
of action, is one of the most powerful 
reinforcing drugs known. Recent stud¬ 
ies point to a neural pathway that may 
be a target of all addictive substances— 
amphetamines, nicotine, alcohol and 
opiates. Within this pathway, the nucle¬ 
us accumbens, a small subdivision of 
the basal ganglia, appears to be partic¬ 
ularly important. Further studies of neu¬ 
rons in this region will certainly sharp¬ 
en understanding of drug-seeking be¬ 
havior. They may reveal mechanisms of 
motivation in general. 

The structural, functional and molec¬ 
ular variety that has been described so 
far would seem to provide a sufficiently 
complete basis for mental function. Yet 
another dimension must be considered: 
plasticity, the tendency of synapses and 


neuronal circuits to change as a result 
of activity. Plasticity’ weaves the tapes¬ 
try on which the continuity 1 of mental 
life depends. Action potentials not only 
encode information, their metabolic af¬ 
tereffects alter the circuits over which 
they are transmitted. 

Synaptic plasticity is the basis for the 
informative cormectionist neural mod¬ 
els that Geoffrey E. Hinton describes 
[see "How Neural Networks Learn from 
Experience," page 104 ]. More generally, 
plasticity 1 multiplies the complexity’ pro- 
vided by any fixed cast of molecular 
characters or cellular functions. Hence, 
it provides an even richer substrate for 
mental phenomena. 

F rom the brief tour of synaptic bi¬ 
ology' presented above, you can 
imagine many ways that synaptic 
efficacy might be altered. For example, 
transmitter release can be enhanced by 
a small increase in the amount of cal¬ 
cium that enters a nerv e terminal with 
each action potential. The probability of 
postsynaptic receptor activation can be 
changed, and on a longer time scale, 
variations in activity can alter the num¬ 
ber of functional receptors. Increases 
or decreases in the number of recep¬ 
tors, which take lime to occur, may ac¬ 
count for the delayed effect of psycho¬ 
therapeutic agents. Beyond changes in 
the function of synapses, activity may 
alter the number or location of synap¬ 
ses themselves. Axons sprout new end¬ 
ings when their neighbors become si¬ 
lent, and the terminal branches of den¬ 
dritic arbors are constantly remodeled 
[see “Aging Brain, Aging Mind,” by Den¬ 
nis J. Selkoe, page 96}. 

In their discussion of plasticity and 
learning [sec “The Biological Basis of 
Learning and Individuality, 11 page 52 j, 
Eric R. Kandel and Robert D. Hawkins 
review evidence that short-term syn¬ 
aptic changes associated with simple 
forms of learning are accompanied by 
molecular modification of proteins. One 
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such modification is phosphorylation, 
the addition or attachment of a phos¬ 
phate group. Phosphorylation has a pro¬ 
found effect on the function of proteins. 
It is commonly stimulated by transmit¬ 
ters and drugs that act via G protein- 
coupled receptors. But proteins are de¬ 
graded on a time scale that ranges from 
minutes to days. Maintenance of mem¬ 
ories that may last a lifetime requires 
more stable alterations, such as those 
associated with persistent changes in 
gene expression. A recently discovered 
Family of genes called immediate early 
genes (JEGs), which are activated rapid¬ 
ly by brief bursts of action potentials, 
may provide a crucial link. As expected 
of master switches that initiate long¬ 
term changes in the brain, lEGs encode 
transcription factors, proteins that regu¬ 
late the expression of other genes. 
Some evidence has been obtained that 
impulse activity increases the expres¬ 
sion of genes that encode trophic fac¬ 
tors, proteins that promote the surviv¬ 
al of neurons. The adage "use it ot lose 
it” may soon have a specific biochemi¬ 
cal correlate. The actions of each tran¬ 
scription factor and their relevance re¬ 
main to be determined, however. 
Another focus of inquiry into the ba¬ 
sis of memory is the phenomenon of 
long-term potentiation (LTP), a persis¬ 
tent increase in synaptic efficacy that 
follows brief periods of stimulation. At¬ 
tention has focused on synapses in the 
hippocampus because clinical and ex¬ 
perimental data have implicated this 
region of the cortex in forms of memo¬ 
ry that require conscious deliberation. 
At certain synapses in the hippocam¬ 
pus, LTP may last for weeks. At the 
same junctions, LTP meets the f, Heb- 
bian" criterion for learning in that it 
requires coincident presynaptic and 
postsynaptic activity, LTP does not oc¬ 
cur if the postsynaptic neuron is ren¬ 
dered inactive during the priming, pre¬ 
synaptic stimulation. Donald O. Hebb 
suggested this relation in his 1949 


book The Organization of Behavior as a 
basis for the formation of new neural 
ensembles during learning. It has been 
repeated often enough to have achieved 
the force of law. 

Synaptic transmission in the hippo¬ 
campus is mediated by glutamate, the 
most common excitatory 7 transmitter in 
the brain, and LTP of the Hebbian type 
is blocked by aminophosphonovaleric 
acid (APV), a selective antagonist of one 
type of glutamate receptor, AFV also di¬ 
minishes the ability of rats to learn tasks 
that require spatial cues. This is proba¬ 
bly not a coincidence, but it remains to 
be shown that these observations are 
causally related. The gene that encodes 
the APV-sensitive glutamate receptor 
has been cloned in recent months. We 
can therefore expect tests in transgenic 
mice bearing mutated receptors to be 
conducted in the near future. The work 
will not be straightforward. The plastic¬ 
ity of the brain and the likelihood that 
natural selection has provided alterna¬ 
tive routes to such an important end 
may complicate matters. 

Although the forces leading to plastic 
changes in the mature brain are ubiqui¬ 
tous and unrelenting, it is important to 
emphasize the precision and overall sta¬ 
bility of the wiring diagram. We could 
not sense the environment or move in 
a coordinated manner, let alone think, if 
it were otherwise. All studies of higher 
brain function must take into account 
the precise way in which neurons are 
connected to one another. 

P athways in the brain have been 
traced by means of a variety of 
molecules that are transported 
along axons. Such reporter molecules 
can be visualized once the tissue is 
properly prepared. Connections have 
also been traced by fine-tipped micro- 
electrodes positioned dose enough to 
a nerve cell body or an axon to detect 
the small currents generated as an ac¬ 
tion potential passes by. Each technique 


has revealed ordered, topographic maps 
in the cerebral cortex. The body sur¬ 
face is represented in the postcentral gy ¬ 
rus of the cerebral cortex even though 
the cortical neurons are three synapses 
away from sensory' receptors in the skin. 
Likewise, a point-to-point map of the 
visual world is evident in the primary 
visual cortex at the occipital pole at the 
back of the brain. Order is evident at 
each of the early relays on route to the 
cortex, and topographic order has also 
been found in projections from the pri¬ 
mary cortices to higher centers. 

To appreciate just how precise the wir¬ 
ing diagram can be, w ? e need only con¬ 
sider a fundamental discovery' made 
about 30 years ago by Hubei and Wie- 
sel. They determined that neurons in 
the primary visual cortex (VI) respond 
to line segments or edges of a particu¬ 
lar orientation rather than to the small 
spots of light that activate the input 
neurons in Lhe retina and lateral genic¬ 
ulate nucleus of the thalamus. The re¬ 
sponse implies that neurons in VI are 
connected, via the lateral geniculate nu¬ 
cleus, to retinal ganglion cells that lie 
along a line of the preferred orientation. 

We know the anatomy of the major 
sensory' and motor systems in some de¬ 
tail. In contrast, the pattern of connec¬ 
tions within the intervening association 
cortices and the large subcortical nu¬ 
clei of the cerebral hemispheres is not 
clearly defined. Goldman-Rakic's experi¬ 
ments are designed to decipher the wir¬ 
ing diagram of the monkey's prefrontal 
cortex in order to provide a more com¬ 
plete anatomy of memory'. Our lack of 
information about similar connections 
in the human brain is glaring. Unlike 
the molecular building blocks and the 
functions of individual neurons, it can¬ 
not be assumed that the intricacies of 
cortical connectivity will be conserved in 
different species. The intricacy of this 
network, after all, is what distinguishes 
Homo sapiens from all other forms of 
life. An effort akin to the genome pro¬ 
ject may be called for. 

How does the specificity of synaptic 
connections come about during devel¬ 
opment? Carla J, Shatz reviews mecha¬ 
nisms by which axons are guided to 
their appropriate targets in the visual 
and other systems [see “The Develop¬ 
ing Brain,” page 34]. The initial stages 
of axon outgrowth and pathway selec¬ 
tion are thought to occur independent¬ 
ly of activity. The genetically determined 
part of the program is evident in the 
remarkably complete wiring diagram 
that forms during embryonic life. But 
once the advancing tips of the axons ar¬ 
rive in the appropriate region, the choic¬ 
es of particular targets are influenced 
by nerve impulses originating within 
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INTENT of a monkey lo move its arm is revealed by electrical 
activity of neurons in the motor cortex. Microelectrodes re¬ 
corded the impulses. Each line represents the rate of firing of 
individual neurons. Computer diagram at the left shows firing 
associated with the full range of arm movement. Diagram at 



the right shows the firing of neurons controlling movement 
in one direction only (long yellow line). The direction of the 
population vector (orange line ) is close to that of the actual 
movement, Apostolos P, Georgopoulos of Johns Hopkins Uni¬ 
versity and his colleagues made the measurements. 


the bram or stimulated by events in the 
world itself. Synapse formation during 
a critical period of development may 
depend on a type of competition be¬ 
tween axons in which those that are ac¬ 
tivated appropriately are favored. 

Steroid hormones also influence the 
formation of synapses during early de¬ 
velopment at least in certain regions of 
the brain [see "'Sex Differences in the 
Brain/' by Doreen Kimura, page 80]. 
Anatomic, physiological and behavioral 
data indicate that the brains of males 
and females are not identical. 

T he pattern of information flow 
in the brain during the perfor¬ 
mance of mental tasks cannot 
easily be determined by anatomic stud¬ 
ies of the circuit diagram or by studies 
of plasticity. Neural correlates of high¬ 
er mental functions are being sought 
directly in awake primates trained to 
perform tasks that require judgment, 
planning or memory, or all three capac¬ 
ities. This demanding approach requires 
sophisticated instrumentation, sophisti¬ 
cated experimental design and months 
of training until the monkey thinks the 
same thoughts as the investigator. .411- 
night sessions spent listening to am¬ 
plified action potentials generated by 
one or a few neurons followed by days 
of data analysis are the rule. Progress 
is slow, but important generalizations 
have emerged. 

One of the most important principles 
is that sensory systems arc arranged in 
a hierarchical manner. That is, neurons 
respond to increasingly abstract aspects 
of complex stimuli as the distance- 
measured in numbers of synapses from 
the source—grows. The fact that neu¬ 
rons in VI respond to Lines rather than 
spots makes the case. Another impor¬ 


tant principle, discussed by Semir Zeki T 
is that information does not travel along 
a single pathway. Rather, different fea¬ 
tures of a single percept are processed 
in parallel pathways [see "The Visual 
[mage in Mind and Brain,” page 42]. A 
tennis player who wanders to the net 
from time to time will be alarmed to 
learn thai the movement, color and 
shape of a Tennis ball are processed in 
different cortical visual centers. Separa¬ 
tion of these information streams be¬ 
gins in the retina; they remain segre¬ 
gated in the lateral geniculate nucleus 
and the primary visual cortex en route 
to the higher visual centers. 

An analogous situation has been 
found in the auditory system. Mark Ko- 
nishi and his colleagues at the Califor¬ 
nia Institute of Technology have shown 
that the localization of sound sources 
by the barn owl depends on interaura] 
phase and amplitude differences. Phase 
differences indicate location along the 
azimuth, whereas amplitude differenc¬ 
es signal elevation. Phase and ampli¬ 
tude signals are processed in different 
pathways through three synaptic relays 
in the brain. It seems likely that this 
type of parallel processing character¬ 
izes other sensory systems, association 
cortices and motor pathways as well 

W here is the information reas¬ 
sembled? When does the sub¬ 
ject become aware of the ap¬ 
proaching ball? The receptive fields of 
neurons in higher centers are larger 
than those found in earlier relay sta¬ 
tions, so they monitor a larger fraction 
of the external world. Zeki describes a 
model that depends on feedback con¬ 
nections from cells with large receptive 
fields to the cells in the primary visual 
cortex that have high spatial resolu¬ 


tion. Such feedback circuits might co¬ 
ordinate the activity of cells in the pri¬ 
mary cortex that have high spatial res¬ 
olution and cells that respond to more 
abstract features of the stimulus no 
matter where it is located, Francis Crick 
and Christof Koch address the role in 
visual awareness of a 40-cycle-per-sec- 
ond oscillation in firing rate that is ob¬ 
served throughout the cortex [see “The 
Problem of Consciousness,” page 110], 
The oscillations, discovered by Wolf J. 
Singer and his colleagues at the Max 
Planck Institute for Brain Research in 
Frankfurt, may synchronize the firing 
of neurons that respond to different 
components of a perceptual scene and 
hence may be a direct neural correlate 
of awareness, 

Konishi has identified the first neu¬ 
rons in the owl's brain that respond to 
a combination of interaura] phase and 
amplitude differences but not to either 
parameter presented alone. These neu¬ 
rons, located deep in the animal's brain 
in a region called the inferior colliculus, 
activate a motor program that results 
in the owl's turning toward the sound 
source. 

In the monkey’s visual system, “face 
ceils” located in the inferior temporal 
sulcus represent perhaps the highest 
level of abstraction yet identified. These 
neurons respond to faces but not to 
other visual stimuli. Similar cells may 
be present in our own brains. Lesions 
in die corresponding area of the tempo¬ 
ral lobe result in prosopagnosia, a re¬ 
markably selective deficit in which the 
ability to recognize faces is lost. In the 
zebra finch’s auditory system (birds 
again), a high level of abstraction is evi¬ 
dent in neurons found in each male’s 
brain that respond to the complex 
song of his father but not to pure tones 
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or to the songs of other males of the 
same species. 

How many neurons must change 
their firing rate to signal a coherent per¬ 
cept or gestalt? The most extreme view 
holds that one cell may do the job. Is 
there one face cell per face? Such a sup¬ 
position seems unlikely on first prin¬ 
ciples: we lose thousands of neurons 
every day, so overcommitment to one 
would be unwise. A more compelling 
argument comes from recent experi¬ 
ments that have shown face cells to 
be broadly tuned, responding to faces 
with similar features rather than to one 
face alone. The number of neurons that 
must be activated before recognition 
emerges is not known, but the data are 
consistent with a sparse coding rather 
than global or diffuse activation. 

Face cells have their counterparts on 
the motor side. "Command” neurons 
have been identified in certain inverte¬ 
brates that trigger all-or-none, fixed- 
action patterns, such as stereotypical 
escape behaviors. Apostolos R Georgo- 
poulos of Johns Hopkins University 
has found command neurons of a kind 
in the monkey's motor cortex (precen¬ 
tral gyrus) that encode the direction of 
forelimb movement. The firing of these 
neurons is not associated with the con¬ 
traction of a particular muscle or with 
the force of the coordinated move¬ 
ment. Like face cells in the temporal 
lobe, individual motor cortex neurons 
are broadly tuned. 

The vector obtained by summing the 
firing frequencies of many neurons is 
better correlated with the direction of 
movement than is the activity of any in¬ 
dividual cell [see illustration on opposite 
page J. The vector becomes evident sev¬ 
eral milliseconds before the appropriate 
muscles contract and the arm actually 
moves. It must be a sign of motor plan¬ 
ning, The vector is usually derived from 
less than 100 neurons, so sparse coding 
may be the rule in the motor cortex as 
it is in the temporal sulcus. 

.An important next step at this level 
of analysis is to produce mental phe¬ 
nomena by focal electrical stimulation. 
A beginning has been made by William 
Newsome and his colleagues at Stan¬ 
ford University. They trained monkeys 
to decide on the direction of move¬ 
ment of dots displayed in random po¬ 
sitions on a screen. When the number 
of dots that showed net movement was 
set near the threshold for a consistent 
judgment about the population as a 
whole, focal stimulation of the V5 re¬ 
gion in the cortex influenced the mon¬ 
key's perceptual judgments. 

Strokes and other unfortunate "ex¬ 
periments of nature” have also provid¬ 
ed important insights regarding neural 


correlates of mental phenomena, Anto¬ 
nio R. and Hanna Damasio continue a 
long tradition of research in their stud¬ 
ies of language disorders among neu¬ 
rological patients [see “Brain and Lan¬ 
guage/ 1 page 62]. This work requires 
careful examination with a battery of 
tests designed to elidt the most subtle 
deficits. Here is an example of The press¬ 
ing need to define the mental phenome¬ 
na that need to be explained. The Darna- 
sios propose the view that language can 
be considered a three-part system: word 
formation, concept representation and 
mediation between the two. If, as they 
suggest, language has evolved as a tool 
to compress concepts and communicate 
them in an efficient manner, a clear 
view of its functional anatomy brings 
us to the crux of the mind matter. 

The very real experience of phantom 
limbs cautions against quick accep¬ 
tance of sparse coding or even of local¬ 
ization as a universal mechanism. Am¬ 
putated limbs* experiments of nature 
of another sort, may be experienced as 
an integral part of the body or "self” 
[see "Phantom limbs," by Ronald Mei- 
zack; Scientific American, AprilJ. A 
deep and burning pain is a distressing 
component of the syndrome. It is im¬ 
possible to find a local area in which 
such sensations are experienced. At¬ 
tempts have been made to abolish 
phantom pain by cutting peripheral 
nerves, by destroying ascending path¬ 
ways and by removing sensory regions 
of the brain. .All attempts have failed to 
eliminate the perception of pain. It may 
be that the emotional response w 7 e call 
pain requires activation of neurons in 
widely dispersed regions of the brain. 

The future of cognitive neuroscience 
depends on our ability to study the liv¬ 
ing human brain. Positron emission to¬ 
mography (PET) and functional magnet¬ 
ic resonance imaging (MR!) hold great 
promise in this regard. These noninva- 
sive imaging techniques depend on 
tight coupling between neuronal activ¬ 
ity, energy consumption and regional 
blood flow. These relations w’ere point¬ 
ed out by Sir Charles Scott Sherrington 
in 1890 and later placed on a quantita¬ 
tive basis by Seymour S. Kety and Lou¬ 
is Sokoloff of the National Institute of 
Mental Health. The brain is never com¬ 
pletely at rest. Furthermore, the increas¬ 
es in regional blood flow that MRI and 
PET detect are not large (they are on 
the order of 20 to 50 percent). So PET 
and MRI measurements depend on so¬ 
phisticated subtraction algorithms that 
allow r one to distinguish the pattern of 
blood flow during the mental task from 
the resting, or control, pattern. Assign¬ 
ment of the changes in blood flow' to 
specific structures depends on accurate¬ 


ly superimposing the computed images 
on precise anatomic maps. 

At present, neither technique pro¬ 
vides the spatial resolution to visualize 
single cortical columns. Moreover, the 
slow temporal resolution of both imag¬ 
ing techniques demands that mental 
tasks be repeated over and over again 
during the recording session. Technical 
advances, especially related to rapid MRI 
scanning, are sure to follow. Even with 
the current limitations, the advantages 
of working with humans, who can think 
on command, are overwhelming. 

I n sum, we can expect advances at 
an increasing rate on all levels of 
investigation relevant to the mind. 
We will soon know exactly how many 
transmitters and transmitter receptors 
there are in the brain and where each 
one is concentrated. We will also have a 
more complete picture of neurotrans¬ 
mitter actions, including multiple inter¬ 
actions of jointly released modulators. 
And we will leam much more about 
molecules that affect neuronal differen¬ 
tiation and degeneration. Molecules of 
the mind are not unique. Many of the 
neurotransmitters are common amino 
acids found throughout the body. Like¬ 
wise, no new principles or molecules 
specific to the brain have emerged in 
studies of hormone regulation or of 
trophic factors that influence the sur¬ 
vival and differentiation of neurons. 
The great challenge, then, is to deter¬ 
mine how these molecules modulate 
the functional wiring diagram of the 
brain and how this functional nerve net 
gives rise to mental phenomena. 

Ultimately, it will be essential to spec¬ 
ify what exactly it means to say that 
mental events are correlated with elec¬ 
trical signals. Certainly, there is a need 
for theory at this level of analysis, and 
as emphasized by Crick and Koch, this 
effort has become one of the most ex¬ 
citing aspects of cognitive neuroscience. 

Is the mind an emergent properly 7 of 
the brain’s electrical and metabolic ac¬ 
tivity? An emergent property 7 is one 
that cannot be accounted for solely by 
considering the component parts one 
at a time. For example, the heart beats 
because its pacemaker depends on the 
influx and efflux of certain ions. But 
the automatidty cannot be understood 
without considering the magnitude and 
kinetics of all the fluxes together. Once 
that is accomplished, what is left to 
explain in physiological terms? In an 
analogous manner, biological explana¬ 
tions of mental events may become evi¬ 
dent once the component neural func¬ 
tions are more clearly defined. We will 
then have a more appropriate vocabu¬ 
lary 7 for describing the emergent mind. 
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The Developing Brain 

During fetal development, the foundations of the mind are laid 
as billions of neurons form appropriate connections and patterns. 
Neural activity and stimulation are crucial in completing this process 

by Carla J. Shatz 


A n adult human brain has more than 100 
/ V billion neurons. They are specifically 
L A. and intricately connected with one an¬ 
other in ways that make possible memory, vi¬ 
sion, learning, thought, consciousness and 
other properties of the mind. One of the most 
remarkable features of the adult nervous sys¬ 
tem is the precision of this wiring. No aspect 
of the complicated structure, it would appear, 
has been left to chance. The achievement of 
such complexity is even more astounding 
when one considers that during the first few 
weeks after fertilization many of the sense organs are not 
even connected to the embryonic processing centers of the 
brain. During fetal development, neurons must be generated 
in the right quantity and location. The axons that propagate 
from them must select the correct pathway to their target 
and finally make the right connection. 

How do such precise neural links form? One idea holds 
that the brain wires itself as the fetus develops, in a manner 
analogous to the way a computer is manufactured: that is, 
the chips and components are assembled and connected ac¬ 
cording to a preset circuit diagram. According to this analo¬ 
gy, a flip of a biological switch at some point in prenatal life 
turns on the computer. This notion would imply that the 
brain's entire structure is recorded in a set of biological blue¬ 
prints—presumably DNA—and that the organ begins to work 
only after the wiring is essentially complete. 

Research during the past decade shows that the biology of 
brain development follows very different rules. The neural 
connections elaborate themselves from an immature pattern 
of wiring that only grossly approximates the adult pattern. 
Although humans are bom with almost all the neurons they 
will ever have, the mass of the brain at birth is only about 
one fourth that of the adult brain. The brain becomes bigger 
because neurons grow r in size, and the number of axons and 
dendrites as well as the extent of their connections increases. 

Workers who have studied the development of the brain 
have found that to achieve the precision of the adult pattern, 
neural function is necessary: the brain must be stimulated in 
some fashion. Indeed, several observations during the past 
few decades have shown that babies who spent most of their 
first year of life lying in their cribs developed abnormally 
slowly. Some of these infants could not sit up at 21 months 
of age, and fewer than 15 percent could walk by about the 
age of three. Children must be stimulated—through touch, 


SEVEN-WEEK-OLD HUMAN FETUS is about an inch long. Eyes 
and limbs are visible, and the emerging brain is apparent Stim¬ 
ulation is needed to complete development, a process that for 
many neural systems continues into neonatal life. 


speech and images—to develop fully. Based in 
part on such observations, some people favor 
enriched environments for young children, in 
the hopes of enhancing development. Yet cur¬ 
rent studies provide no clear evidence that 
such extra stimulation is helpful. 

Much research remains to be done before 
anyone can conclusively determine the types 
of sensory input that encourage the forma¬ 
tion of particular neural connections in new¬ 
borns, As a first step toward understanding 
the process, neurobiologists have focused on 
the development of the visual system in other animals, espe¬ 
cially during the neonatal stages. It is easy under the condi¬ 
tions that prevail at that stage to control visual experience 
and observe behavioral response to small changes. Further¬ 
more, the mammalian eye differs little from species to spe¬ 
cies. Another physiological fact makes the visual system a 
productive object of study: its neurons are essentially the 
same as neurons in other parts of the brain. For these rea¬ 
sons, the results of such studies arc very likely to be applica¬ 
ble to the human nervous system as well. 

B ut perhaps the most important advantage is that in 
the visual system, investigators can accurately corre¬ 
late function with structure and identify the pathway 
from external stimulus to physiological response. The re¬ 
sponse begins when the rods and cones of the retina trans¬ 
form light into neural signals. These ceils send the signals to 
the retinal intemeurons, which relay them to the output neu¬ 
rons of the retina, called the retinal ganglion cells. The axons 
of the retinal gangbon cells (which make up the optic nerve) 
connect to a relay structure within the brain known as the 
lateral geniculate nucleus. The cells of the lateral geniculate 
nucleus then send the visual information to specific neurons 
located in what is called layer 4 of the (six-layer) primary vi¬ 
sual cortex. This cortical region occupies the occipital lobe in 
each cerebral hemisphere [see illustration on next page]. 

Within the lateral geniculate nucleus, retinal ganglion cell 
axons from each eye are strictly segregated: the axons of one 
eye alternate with those from the other and thus form a se- 
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VISUAL PATHWAY in the adult demon 
strates the segregation of axons. The ax- 
ons corresponding to the right eye are in 
red, and those corresponding to the left 
eye are in blue. Neighboring retinal gan¬ 
glion cells in each eye send their axons 
to neighboring neurons in the lateral ge 
niculate nucleus. Similarly, the neurons 
of the geniculate nucleus map their ax¬ 
ons onto the visual cortex. The system 
forms a topographically orderly pattern 
that in pan accounts for such character¬ 
istics as binocular vision. 


LATERAL GENICULATE 
NUCLEUS 


BINOCULAR FIELD 


PRIMARY VISUAL 


MONOCULAR FIELD 


ries of eye-specific layers. The axons 
from the lateral geniculate nucleus in 
turn terminate in restricted patches 
within cortical layer 4. The patches cor¬ 
responding to each eye interdigiiate 
with one another to form structures 
termed ocular dominance columns. 

To establish such a network during 
development, axons must grow long 
distances, because the target structures 
form in different regions. The retinal 
ganglion cells are generated within the 
eye. The lateral geniculate neurons take 
shape in an embryonic structure known 


NEURAL DEVELOPMENT of the visual 
system is revealed here by a radioac¬ 
tive tracer injected into the vitreous hu¬ 
mor of the left eye. The images corre¬ 
spond to a top view of the visual sys¬ 
tem of a cat. Only areas receiving input 
from the injected eye become labeled 
(white areas), tn the lateral geniculate 
nucleus (top left), most of the left eye’s 
input ends in layers in the right nucleus, 
although the wiring of the visual path¬ 
way places some label in the left nucle¬ 
us, Similar segregation is seen in the oc¬ 
ular dominance columns in layer 4 of 
the visual cortex (bortom left); the gaps 
represent regions corresponding to ax¬ 
ons from the uninjected eye. The adult 
patterns are in distinct contrast to their 
immature forms, shown to the right. The 
immature axons have yet to segregate: 
the label is uniformly distributed. 


as the diencephalon, which will Form the 
thalamus and hypothalamus. The layer 
4 cells are created in another protoor¬ 
gan called the telencephalon, which later 
develops into the cerebral cortex. From 
the beginning of fetal development, 
these three structures are many cell- 
body diameters distant from one an¬ 
other. Yet after identifying one or the 


other of these targets, the axons reach 
it and array themselves in the correct 
topographic fashion—that is, cells lo¬ 
cated near one another in one structure 
map their axons to the correct neigh¬ 
boring cells within the target. 

This developmental process can be 
compared with the problem of string¬ 
ing telephone lines between particu- 
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lar homes located within specific cities. 
For instance, to string wires between 
Boston and New York, one must by¬ 
pass several cities, including Providence, 
Hartford, New Haven and Stamford. 
Once in New York, the lines must be di¬ 
rected to the correct borough (target) 
and then to the correct street address 
(topographic location), 

Corey Goodman of the University of 
California at Berkeley and Thomas Jes¬ 
se! of Columbia University have dem¬ 
onstrated that in most instances, axons 
immediately recognize and grow along 
the correct pathway and select the cor¬ 
rect target in a highly precise manner. A 
kind of “molecular sensing” is thought 
to guide growing axons. The axons have 
specialized tips, called growth cones, 
that can recognize the proper pathways. 
They do so by sensing a variety of spe¬ 
cific molecules laid out on the surface 
of, or even released from, cells located 
along the pathway. The target itself may 
also release the necessary molecular 
cues. Removing these cues (by genetic 
or surgical manipulation) can cause the 
axons to grow aimlessly. But once axons 
have arrived at their targets, they still 
need to select the correct address. Unlike 
pathway and target selection, address 
selection is not direct. In fact, It Involves 
the correction of many initial errors. 

T he first hint that address selec¬ 
tion is not precise came from ex¬ 
periments using radioactive trac¬ 
ers. Injections of these tracers at succes¬ 
sively later times in fetal development 
outline the course and pattern of axo¬ 
nal projections. Such studies have also 


shown that structures emerge at differ¬ 
ent times in development, which can 
further complicate address selection. 

For instance, Pasko Rakic of Yale Uni¬ 
versity has shown that in the visual 
pathway in monkeys, the connections 
between the retina and the lateral ge¬ 
niculate nucleus appear first, followed 
by those between the lateral geniculate 
nucleus and layer 4 of the visual cor¬ 
tex. Other studies found that in cats and 
primates (including humans), the lateral 
geniculate nucleus layers develop dur¬ 
ing the prenatal period, before the rods 
and cones of the retina have formed 
(and thus before vision is even possible). 
When Simon LeVay, Michael P. Stryker 
and 1 were postdoctoral fellows at Har¬ 
vard Medical School, we found that at 
birth, layer 4 columns in cats do not 
even exist in the visual cortex [see illus¬ 
trations belowh I subsequently deter¬ 
mined that even earlier, in fetal life, the 
cat has no layers in the lateral genicu¬ 
late nucleus. These important visual 
structures emerge only gradually and 
at separate stages. 

The functional properties of neu¬ 
rons, like their structural architecture, 
do not attain their specificity until later 
in life. Microelectrode recordings from 
the visual cortex of newborn cats and 
monkeys reveal that the majority of 
layer 4 neurons respond equally well 
to visual stimulation of either eye. In 
the adult, each neuron in layer 4 re¬ 
sponds primarily if not exclusively to 
stimulation of one eye only. This find¬ 
ing implies that during the process of 
address selection, the axons must cor¬ 
rect their early “mistakes" by removing 


the inputs from the “inappropriate" eye. 

In 1983 my colleague Peter A. Kirk¬ 
wood and I found further evidence that 
axons must fine-tune their connections. 
It came from our work on the brains of 
six-week-old cat fetuses (the gestation 
period of the cat is about nine weeks). 
We removed a significant portion of the 
visual pathway—from the ganglion cells 
in both eyes to the lateral geniculate 
nucleus—and placed it in vitro in a spe¬ 
cial life-support chamber. (Inserting mi¬ 
croelectrodes in a fetus is extremely dif¬ 
ficult.) The device kept the cells alive for 
about 24 hours. Next we applied elec¬ 
trical pulses to the two optic nerves to 
stimulate the ganglion cell axons and 
make them fire action potentials, or 
nerve signals. We found that neurons in 
the lateral geniculate nucleus respond¬ 
ed to the ganglion cells and, indeed, re¬ 
ceived inputs from both eyes. Ln the 
adult the layers respond only to stimu¬ 
lation of the appropriate eye. 

T he eventual emergence of dis¬ 
cretely functioning neural do¬ 
mains (such as the layers and oc¬ 
ular dominance columns) indicates that 
axons do manage to correct their mis¬ 
takes during address selection. The se¬ 
lection process itself depends on the 
branching pattern of individual axons. 
In 1986 David W. Sretavan, then a doc¬ 
toral student in my laboratory, w^as able 
to examine the process in some detail. 
Experimenting with fetal cats, he selec¬ 
tively labeled single retinal ganglion 
cell axons in their entirety—'from the 
cell body in the retina to their tips 
within the lateral geniculate nucleus— 
at successively later stages. 

He found that at the earliest times in 
development, when ganglion cell axons 
have just arrived within the lateral ge¬ 
niculate nucleus (after about five weeks 
of gestation), the axons assume a very 
simple sticklike shape and are lipped 
with a growth cone. A few' days later the 
axons arising from both eyes acquire 
a “hairy” appearance: they have short 
side branches along their entire length. 

The presence of side branches at this 
age implies that the inputs from both 
eyes mix with one another. In other 
w r ords, the neural regions have yet to 
take on the adult structure, m which 
each eye has its own specific regions. 
As development continues, the axons 
sprout elaborate terminal branches and 
lose their side branches. Soon individ¬ 
ual axons from each eye have highly 
branched terminals that are restricted 
to the appropriate layer. Axons from 
one eye that traverse territory 7 belong¬ 
ing to those from the other eye are 
smooth and unbranched [see illustra¬ 
tion on next page]. 
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The sequence of developmental 
changes in the branching patterns shows 
that the adult pattern of connections 
emerges as axons remodel by the se¬ 
lective withdrawal and growth of differ¬ 
ent branches. Axons apparently grow to 
many different addresses within their 
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AXONAL REMODELING in the lateral ge¬ 
niculate nucleus occurs largely before 
birth. At the earliest times in develop¬ 
ment (I), the axons from the left eye 
and right eye are simple and tipped with 
growth cones. The shaded region rep¬ 
resents the intermixing of inputs from 
both eyes. After further development 
(2), the axons grow many side branches. 
The axons soon begin to lose some side 
branches and start to extend elaborate 
terminal branches (3). Eventually these 
branches occupy the appropriate terri¬ 
tory to form eye-specific layers (4), 


target structures and then somehow 
eliminate addressing errors. 

One possible explanation for axonal 
remodeling is that specific molecular 
cues are arrayed on the surface of the 
target cells. Although this idea might 
seem conceptually attractive, it has very 
little experimental support. An alterna¬ 
tive explanation appears to be stronger. 
It holds that all targe l neurons are fair 
game. Then, some kind of competition 
between inputs would lead to forma¬ 
tion of specific functional areas. 

An important clue concerning the na¬ 
ture of the competitive interactions be¬ 
tween axons for target neurons has 
come from the experiments of David H. 
Hubei of Harvard Medical School and 
Torsten N. Wiese! of the Rockefeller Uni¬ 
versity. In the 1970s, when both work¬ 
ers were at Harvard, they studied the 
formation of childhood cataracts. Clini¬ 
cal observations indicated that if the 
condition is not treated promptly, it 
can lead to permanent blindness in the 
obstructed eye. To emulate the effect, 
Hubei and Wiesel closed the eyelids 
of newborn cats. They discovered that 
even a week of sightlessness can alter 
the formation of ocular dominance col¬ 
umns, The axons from the lateral ge¬ 
niculate nucleus representing the closed 
eye occupy smaller than normal patch¬ 
es within layer 4 of the cortex. The ax¬ 
ons of the open eye occupy larger than 
normal patches. 

The workers also showed that the ef¬ 
fects are restricted to a critical period. 
Cataracts, when they occur in adult¬ 
hood and are subsequently corrected 
by surgery, do not cause lasting blind¬ 
ness, Apparently the critical period has 
ended long ago, and so the brain’s wir¬ 
ing cannot be affected. 

These observations suggest that the 
ocular dominance columns form as a 
consequence of use. The axons of the 
lateral geniculate nucleus from each eye 
somehow compete for common terri¬ 
tory in layer 4. When use is equal, the 
columns Ln the two eyes are identical; 
unequal use leads to unequal allotment 
of territory' claimed in layer 4. 

H ow r is use translated into these 
lasting anatomic consequences? 
hi the visual system, use con¬ 
sists of the action potentials generated 
each time a visual stimulus is convert¬ 
ed into a neural signal and is carried by 
Lhe ganglion cell axons into the brain. 
Perhaps the effects of eye closure on the 
development of ocular dominance col¬ 
umns occur because there are fewer ac¬ 
tion potentials coming from lhe closed 
eye. If that is the case, blockage of all 
action potentials during the critical pe¬ 
riod of postnatal life should prevent 


axons from both eyes from fashioning 
the correct patterns and lead to abnor¬ 
mal development in the visual cortex. 
Stryker and William Harris, then a post¬ 
doctoral fellow at Harvard, obtained this 
result when they used the drug tetrodo- 
toxin to block retinal ganglion cell ac¬ 
tion potentials. They found that the ocu¬ 
lar dominance columns in layer 4 failed 
to appear (the layers in the lateral genic¬ 
ulate nucleus were unaffected because 
they had already formed in utero). 

Nevertheless, action potentials by 
themselves are not sufficient to create 
the segregated patterns in the cortex. 
Neural activity cannot be random, in¬ 
stead iL must be defined, both temporal¬ 
ly and spatially, and must occur in the 
presence of special kinds of synapses. 
Stryker and his associate Sheri Strick¬ 
land, who are both at the University of 
California at San Francisco, have shown 
that simultaneous, artificial stimulation 
of all the axons in the optic nerves can 
prevent the segregation of axons from 
the lateral geniculate nucleus into oc¬ 
ular dominance columns within layer 
4. Although this result resembles that 
achieved with tetrodotoxin, an impor¬ 
tant difference exists. Here ganglion cell 
action potentials are present—but all at 
the same time. Segregation to form the 
columns Ln the visual cortex, on the oth¬ 
er hand, proceeds when Lhe two nerves 
are stimulated asynchronously. 

In a sense, then, cells that fire to¬ 
gether w^ire together. The liming of ac¬ 
tion-potential activity is critical in deter¬ 
mining which synaptic connections are 
strengthened and retained and which 
are weakened and eliminated. Under 
normal circumstances, vision itself acts 
to correlate the activity of neighboring 
retinal ganglion cells, because the cells 
receive inputs from the same parts of 
lhe visual vvorld. 

What is the synaptic mechanism that 
strengthens or weakens the connec¬ 
tions? As long ago as 1949, Donald O. 
Hebb of McGill University proposed the 
existence of special synapses that could 
execute the task. The signal strength in 
such synapses would increase whenever 
activities in a p re synaptic cell (the cell 
supplying the synaptic input) and in a 
postsynaptte cell (the cell receiving Lhe 
input) coincide. Clear evidence showing 
that such “Hebb synapses" exist comes 
from studies or the phenomenon of 
long-term potentiation in the hipptxam- 
pus. Researchers found that the pair¬ 
ing of presynaptic and postsynaptic ac¬ 
tivity in the hippocampus can cause 
incremental increases in the strength 
of synaptic transmission between the 
paired cells. The strengthened state can 
last from hours to days. 

Such synapses are now thought to be 
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Development and Neural Function 


O ne of the characteristics of 
the developing visual sys¬ 
tem is segregation of inputs: 
each eye adopts its own territory in 
the visual cortex. The process , how¬ 
ever, can be completed only if the 
neurons are stimulated. In experi¬ 
ments with cat eyes, for example, 
the axons of the left eye and of the 
right eye overlap in layer 4 of the vi¬ 
sual cortex at birth (a). Visual stimuli 
will cause the axons to separate and 
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form ocular dominance columns in 
the cortex {b). Such normal devel¬ 
opment can be blocked with injec¬ 
tions of tetrodotoxin; as a result, 
the axons never segregate, and the 
ocular dominance columns fail to 
emerge (c). Another way to perturb 
development is to keep one eye 
closed, depriving it of stimulation. 
The axons of the open eye then 
take over more than their fair share 
of territory in the cortex { d ). 
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essential in memory and learning [see 
“The Biological Basis of Learning and 
Individuality," by Eric R. Kandel and 
Robert D. Hawkins, page 52]. Studies 
by Wolf Singer and his colleagues at 
the Max Planck Institute for Brain Re¬ 
search in Frankfurt and by Yves Freg- 
nac and his colleagues at the University 
of Paris also suggest that Hebb synap¬ 
ses are present in the visual cortex dur¬ 
ing the critical period, although their 
properties are not well understood. 

Just how coincident activity causes 
long-lasting changes in transmission is 
not known. There is general agreement 
among researchers that the postsynap- 
lic cell must somehow detect the coin¬ 
cidence in the incoming presynaptic ac¬ 
tivity' and in turn send a signal back to 
all concurrently active presynaptic in¬ 
puts. But this cannot be the whole sto¬ 
ry, During the formation of the ocular 
dominance columns, inputs that are not 
active al the same lime are weakened 
and eliminated. 

Consequently, one must also propose 
the existence of a mechanism for activi¬ 
ty-dependent synaptic weakening. This 
weakening—a kind of long-term depres¬ 
sion—would occur when presynaptic ac¬ 
tion potentials do not accompany posi- 
synaplic activity. Synapses that have 


this special property (opposite to that 
of Hebb synapses) have been found in 
the hippocampus and cerebellum. The 
results of the Stryker and Strickland 
experiments suggest that such synap¬ 
ses are very likely to exist in the visual 
cortex as well. 

A strongly similar process of axonal 
remodeling operates as motor neurons 
in the spinal cord connect with their 
target muscles. In the adult, each mus¬ 
cle fiber receives input from only one 
motor neuron. But after motor neurons 
make the first contacts with the muscle 
fibers, each muscle fiber receives in¬ 
puts from many motor neurons. Then, 
just as in the visual system, some in¬ 
puts are eliminated, giving rise to the 
adult pattern of connectivity. Studies 
have shown that the process of elimi¬ 
nation requires specific temporal pat¬ 
terns of action-potential activity gener¬ 
ated by the motor neurons. 

The requirement for specific spatial 
and temporal patterns of neuronal activ¬ 
ity' might be likened to a process where¬ 
by telephone calls are placed from ad¬ 
dresses in one city (the lateral geniculate 
nucleus in the visual system) to those in 
the next city (the visual cortex) to veri¬ 
fy that connections have been made at 
the correct locations. W T ben two near 


neighbors in the lateral geniculate nucle¬ 
us simultaneously call neighboring ad¬ 
dresses in the cortex, the telephones in 
both those homes will ring. The con¬ 
current ringing verifies that relations be¬ 
tween neighbors have been preserved 
during the wiring process. 

If, however, one of the neighbors in 
the lateral geniculate nucleus mistak¬ 
enly makes connections with very' dis¬ 
tant parts of layer 4 or with parts that 
receive input from the other eye, the 
called telephone will rarely if ever ring 
simultaneously with those of its neigh¬ 
bors. Ibis dissonance would lead to the 
weakening and ultimate removal of that 
connection. 

rp he research cited thus far has ex¬ 
plored the remodeling of corrnec- 
i lions after the animal can move 
or see. But what about earlier in de¬ 
velopment? Can mechanisms of axo¬ 
nal remodeling operate even before the 
brain can respond to stimulation from 
the external world? My colleagues and I 
thought the formation of layers in the 
lateral geniculate nucleus in the cat 
might be a good place to address tills 
question. After ah, during the relevant 
developmental period, rods and cones 
have not yet emerged. Can the layers 
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RETINAL ACTIVITY, recorded frame by 
frame every 0.5 second by a hexagonal 
array of microelectrodes {black spots), 
is locally synchronized. Each diagram 
represents the pattern and intensity of 
action-potential firing (red) of individual 
ganglion cells. The wave of retinal activi¬ 
ty sweeps across from the lower left to 
the lop right of the retina. 
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develop their specific territories for each 
eye even though vision cannot yet gen¬ 
erate action-potential activity? 

We reasoned that if activity is neces¬ 
sary at these early times, it must some¬ 
how be generated spontaneously with¬ 
in the retina, perhaps by the ganglion 
cells themselves. If so, die firing of ret¬ 
inal ganglion cells might be contribut¬ 
ing to layer construction, because all the 
synaptic machinery necessary for com¬ 
petition is present. It should be possi¬ 
ble to prevent the formation of the eye- 
specific layers by blocking action-poten¬ 
tial activity from the eyes to the lateral 
geniculate nucleus. 

To hinder activity during fetal de¬ 
velopment, Srctavan and 1, in collab¬ 
oration with Stryker, implanted special 
minipumps containing tetrodotoxin in 
utero just before the lateral geniculate 
nucleus layers normally begin to form 
in the cat (at about six weeks of fetal 
development). After two weeks of in¬ 
fusion, we assessed the effects on the 
formation of layers. Much to our satis¬ 
faction, the results of these in utero in- 


ACTfON-POTENTIAL 
BEADING 


fusion experiments showed clearly that 
the eye-specific layers do not appear in 
die presence of tetrodotoxin. Moreover, 
by examining the branching patterns of 
indiv idual ganglion cell axons after the 
treatment, we reassured ourselves that 
tetrodotoxin did not simply stunt nor¬ 
mal growth. 

In fact, the branching patterns of 
these axons were very striking. Unlike 
normal axons at the comparable age, 
the tetrodotoxin-treated axons did not 
have highly restricted terminal branch¬ 
es. Rather they had many branches 
along the entire length of the axon. It 
was as if, without acdon-potential activ¬ 
ity', the information necessary to with¬ 
draw side branches and elaborate the 
terminal branches was missing. 

In 1988, at about the same time these 
experiments were completed, Lucia Gal- 
li-Resta and Lamberto Maffei of the Uni- 
versity of Pisa achieved the extraordi¬ 
nary technical feat of actually record- 
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ing signals from fetal ganglion cells in 
utero. They demonstrated directly that 
retinal ganglion cells can indeed spon¬ 
taneously generate bursts of action po¬ 
tentials in the darkness of the devel¬ 
oping eye. This observation, taken to¬ 
gether with our experiment, strongly 
suggests that action-potential activity 
is not only present but also necessary 
for the ganglion cell axons from the 
two eyes to segregate and form the eye 
specific layers. 

Still, there must be constraints on 
the spatial and temporal patterning of 
ganglion cell activity. If the cells fired 
randomly, the mechanism of correla¬ 
tion-based, activity-dependent sorting 
could not operate. Furthermore, neigh¬ 
boring ganglion cells in each eye some¬ 
how ought to fire in near synchrony 
with one another, and the firing of cells 
in the two eyes, taken together, should 
be asynchronous. In addition, the syn¬ 
apses between retinal ganglion cell ax¬ 
ons and neurons of the lateral genicu¬ 
late nucleus should resemble Hebb syn¬ 
apses in their function: they should be 


-H 


ACTION POTENTIAL READINGS of the developing retina are 
recorded by microelectrodes (black spots). The electrodes de¬ 
tect the small, extracellular currents that flow when the gan¬ 


glion cells (stained purple) fire. All the cells fire at about the 
same time and then become silent before firing again. The 
area shown represents about 3 percent of the entire retina. 


40 Scientific American September 1992 





































able to detect correlations in the firing 
of axons and strengthen accordingly. 

We realised that to search for such 
patterns of spontaneous firing, it would 
be necessary to monitor simultaneous¬ 
ly the action-potential activity of many 
ganglion cells in the developing ret¬ 
ina. In addition, the observation had to 
take place as the eye-specific layers were 
developing. A major technical advance 
permitted us to achieve this goal In 
1988 Jerome Pine and his colleagues at 
the California Institute of Technology, 
among them doctoral student Markus 
Melster, invented a special multielec¬ 
trode recording device. It consisted of 
61 recording electrodes arranged as a 
flat, hexagonal array. Each electrode 
can detect action potentials generated 
in one to several cells. When Meister ar¬ 
rived at Stanford University to continue 
postdoctoral work with Denis Baylor, 
we began a collaboration to see wheth¬ 
er the electrode array could be used to 
detect the spontaneous firing of fetal 
retinal ganglion cells. 

In these experiments, it was neces¬ 
sary to remove the entire retina from 
the fetal eye and place it, ganglion-cell- 
side down, on the array. (It is technical¬ 
ly impossible to put the electrode ar¬ 
ray itself into the eye in utero.) Rachel 
Wong, a postdoctoral fellow from Aus¬ 
tralia visiting my laboratory, succeeded 
in carefully dissecting the retinas and 
in tailoring special fluids necessary to 
maintain the living tissue for hours in a 
healthy condition. 

When neonatal ferret retinas were 
placed on the multielectrode array, we 
simultaneously recorded the spontane¬ 
ously generated action potentials of as 
many as 100 cells. The work confirmed 
the in vivo results of Galli-Resta and 
Maffei. All cells on the array fired with¬ 
in about five seconds of one another, 
in a predictable and rhythmic pattern. 
The bursts of action potentials lasted 
several seconds and were followed by 
long silent pauses that persisted from 
30 seconds to two minutes. This obser¬ 
vation showed that the activity of gan¬ 
glion cells is indeed correlated. Further 
analysis demonstrated that the activ¬ 
ity of neighboring cells is more highly 
correlated than that of distant cells on 
the array. 


Even more remarkable, the spatial 
pattern of firing resembled a wave of 
activity that swept across the retina at 
about 100 microns per second (about 
one tenth to one hundredth the speed 
of an ordinary action potential). Af¬ 
ter the silent period, another wave was 
generated but in a completely different 
and random direction. We found that 
these spontaneously generated retinal 
waves are present throughout the peri¬ 
od when eye-specific layers take shape. 
They disappear just before the onset of 
visual function. 

From an engineering standpoint, 
these waves seem beautifully designed 
to provide the required correlations in 
the firing of neighboring ganglion cells. 
They also ensure a sufficient time de¬ 
lay, so that the synchronized firing of 
ganglion cells remains local and docs 
not occur across the entire retina. Such 
a pattern of firing could help refine the 
topographic map conveyed by ganglion 
cell axons to each eye-specific layer. 
Moreover, the fact that wave direction 
appears to be entirely random implies 
that ganglion cells in the two eyes are 
highly unlikely ev er to fire synchronous¬ 
ly—a requirement for the formation of 
the layers. 

Future experiments will disrupt the 
waves in order to determine whether 
they are truly involved in the develop¬ 
ment of connections. In addition, it will 
be important to determine whether the 
correlations in the firing of neighboring 
ganglion cells can be detected and used 
by the cells in the lateral geniculate nu¬ 
cleus to strengthen appropriate synap¬ 
ses and weaken inappropriate ones. This 
seems likely, since Richard D, Mooney, 
a postdoctoral fellow in my laboratory, 
in collaboration with Daniel Madison of 
Stanford, has shown that Long-term po¬ 
tentiation of synaptic transmission be¬ 
tween retinal ganglion cell axons and 
the lateral geniculate nucleus neurons 
is present during these early periods of 
development. Thus, at present, we can 
conclude that even before the onset of 
function, ganglion cells can spontane¬ 
ously fire in the correct pattern to fash¬ 
ion the necessary connections. 

Is the retina a special case, or might 
many regions of the nervous system 
generate their own endogenous activity 


patterns early in development? Prelimi¬ 
nary studies by Michael O’Donovan of 
the National Institutes of Health sug¬ 
gest that the activity of motor neurons 
in the spinal cord may also be highly 
correlated very early in development. It 
would appear that activity-dependent 
sorting in this system as w r ell might use 
spontaneously generated signals. Like 
those in the visual system, the signals 
would refine the initially diffuse con¬ 
nections within targets. 

T he necessity for neuronal activity 
to complete the development of 
the brain has distinct advantag¬ 
es. The first is that, within limits, the 
maturing nervous system can be modi¬ 
fied and fine-tuned by experience itself, 
thereby providing a certain degree of 
adaptability. In higher vertebrates, this 
process of refinement can occupy a pro¬ 
tracted period. It can begin in utero and, 
as in the primate visual system, contin¬ 
ue well into neonatal life, where it plays 
an important role in coordinating in¬ 
puts from the two eyes. The coordina¬ 
tion is necessary for binocular vision 
and stereoscopic depth perception. 

Neural activity confers another ad¬ 
vantage in development. It is genetical¬ 
ly conservative. The alternative—exactly 
specifying each neural connection us¬ 
ing molecular markers—would require 
an extraordinary' number of genes, giv¬ 
en the thousands of connections that 
must be formed in the brain. Using the 
rules of activity-dependent remodeling 
described here is far more economical. 
A major challenge for the future will be 
to elucidate the cellular and molecular 
bases for such rules. 
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The Visual Image 
in Mind and Brain 

In analyzing the distinct attributes of images, the brain 
invents a visual world. Unusual forms of blindness show 
what happens when specialized parts of the cottex malfunction 


by Semir Zeki 


T he study of the visual system Is a pro¬ 
foundly philosophical enterprise; it en¬ 
tails an inquiry' into how the brain 
acquires knowledge of the external world, 
which is no simple matter. The visual stimuli 
available to the brain do not offer a stable 
code of information. The wavelengths of light 
reflected from surfaces change along with al¬ 
terations in the illumination, yet the brain is 
able to assign a constant color to them. The 
retinal image produced by the hand of a ges¬ 
ticulating speaker Is never the same from 
moment to moment, yet the brain must consistently catego¬ 
rize It as a hand. An object’s image varies with distance, yet 
the brain can ascertain its true size. 

The brain's task, then, is to extract the constant, invariant 
features of objects from the perpetually changing flood of 
information it receives from them. Interpretation is an inex¬ 
tricable part of sensation. To obtain its knowledge of what is 
visible, the brain cannot therefore merely analyze the Images 
presented to the retina; it must actively construct a visual 
world. To do so, the brain has developed an elaborate neural 
mechanism, one so marvelously efficient that it took a centu¬ 
ry of study before anyone even guessed at its many compo¬ 
nents. Indeed, when studies of cerebral diseases began to re¬ 
veal some secrets of the visual brain, neurologists initially 
dismissed the startling implications as improbable. 

The hallmark of that machinery is a complex division of 
labor. It is manifested anatomically in discrete cortical areas 
and subregions of areas specialized for particular visual 
functions; it is manifested pathologically in an inability to 
acquire knowledge about some aspect of the visual world 
when the relevant machinery is specifically compromised. 
Paradoxically, none of this subdivision and specialization 
within the brain Is normally evident at the perceptual level. 
The visual cortex thus presents us with the intellectual chal¬ 
lenge of trying to understand how r its components cooperate 
to give us a unified picture of the world, one that bears no 
trace of the division of labor within it. There is, to use an old 
phrase, a great deal more to vision than meets the eye. 

This modern conception of the visual brain has evolved 


WHEN VIEWING AN IMAGE, distinct areas in the cortex ana¬ 
lyze it for different visual attributes, such as color, shape and 
motion. “Seeing’* and “understanding” occur simultaneously 
through the synchronized activities of these cortical areas. The 
world that one sees is an invention of the visual brain. 


only within the past two decades. The early 
neurologists, starting with those who worked 
during the late 19th century, saw it very dif¬ 
ferently. Laboring under the false notion that 
objects transmitted visual codes in reflected 
or emitted light, they thought that an image 
was "impressed” on the retina, much as it 
would be on a photographic plate. These reti¬ 
nal Impressions were subsequently transmit¬ 
ted to the visual cortex, which served to ana¬ 
lyze Lhe contained codes. This decoding pro¬ 
cess led to "seeing.’ 1 Understanding what W'as 
seen—making sense of the received impressions and resolv¬ 
ing them into visual objects—w r as thought to be a separate 
process that arose through the association of the received 
impressions with similar ones experienced previously. 

This view r of how r the brain operates, which persisted into 
the mid-1970s, w 7 as therefore also deeply philosophical, al¬ 
though neurologists never acknowledged it as such. It divid¬ 
ed sensing from understanding and gave each faculty a sep¬ 
arate seat in the cortex, l he origin of this dualistie doctrine 
is obscure, but it bears a resemblance to Immanuel Kant’s 
belief in the two faculties of sensing and of understanding, 
the former passive and the latter active. 

Neurologists saw evidence for their supposition in the fact 
that the retina connects overwhelmingly to one distinct part 
of the brain, the striate or primary visual cortex, also known 
as area VI. This connection is made with high topographic 
precision: VI effectively contains a map of the entire retinal 
held. The retina and VI are linked through a subcortical 
structure called the lateral geniculate nucleus, which con¬ 
tains six layers of cells, lhe four uppermost layers contain 
cells with small cell bodies and are referred to as the parvo- 
celiuJar layers; the two lowest layers, which have large cell 
bodies, are the magnocellular layers. Many years ago the late 
neurologist Salomon E. Henschen of Uppsala University sup¬ 
posed that the function of the large cells was "collecting 
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ANATOMIC AND FUNCTIONAL DIVI¬ 
SIONS within the visual system are the 
physical foundation for vision. Most 
connections between the retina and the 
visual cortex at the back of the brain 
pass through the lateral geniculate nu¬ 
cleus. In cross section, this subcortical 
structure has six cell layers: two in the 
magnocellular pathway (M) and four in 
the parvoceilular pathway (P). 
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light” and that of the small cells was 
registering colors; his basic insight, that 
the anatomic subdivisions had function¬ 
al implications, has assumed increasing 
importance in recent years. 

Neurologists at the time found that 
lesions anywhere along the pathway 
connecting the retina with VI created a 
field of absolute blindness, the extent 


and position of which corresponded 
precisely with the size and location of 
the lesion in VI. That observation led 
Henschen to conceive of area VI as the 
“cortical retina”—the place where "see¬ 
ing” occurred. 

Moreover, the German psychiatrist 
Paul Emil Flechsig of Leipzig Universi¬ 
ty had shown during the late I9ih cen¬ 


tury that certain regions of the brain, 
among them V1 T had a mature appear¬ 
ance at birth, whereas others, including 
the cortical regions surrounding VI, 
continued to develop, as though their 
maturation depended on the acquisi¬ 
tion of experience. For Flechsig and 
most other neurologists, this observa¬ 
tion implied that VI was "the enter- 


MACAQUE MONKEY BRAIN 



VISUAL CORTEX of the macaque monkey has been studied in 
detail A cross section through the brain (left) at the level indi¬ 


cated (tight) shows part of the primary visual cortex (VI) and 
some of the other visual areas in the prestriate cortex (V2-VS), 
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iiig place of the visual radiation into 
the organ of the psyche, 5 ' and the areas 
around ii were the repositories of high¬ 
er “psychic" functions (Cogitationzen- 
tren) related to sight. Flechsig's theory 
found support in rather Questionable 
evidence purporting to show that le¬ 
sions in this so-called visual associa¬ 
tion cortex, unlike those in VI, might 
lead to “mind blindness” (Seelenblind- 
heit\ a condition in which subjects were 
thought to see but not to comprehend 
what they saw. 

S urprisingly, it was research on 
the visual association cortex that 
ultimately compromised this du- 
alistic concept of visual brain organiza¬ 
tion. Work undertaken in the 1970s by 
John M. Allman and Jon H. Kaas of the 
University of Wisconsin in the owl mon¬ 
key and by me in the macaque monkey 
showed that the visual association cor¬ 
tex—now better referred to as the pre- 
striate cortex—consists of many differ¬ 
ent cortical areas separated from VI by 
another area, V2. A turning point in 
our understanding of how the brain 
constructs the visual image came sub¬ 
sequently, with my demonstration that 
these areas are individually specialized 
to undertake different tasks. 

In my physiological studies, I pre¬ 
sented macaques with a range of stim¬ 
uli (colors, lines of various orientations 
and dots moving in different direc¬ 
tions) and, using electrodes, monitored 
the activity of cells in the prestriate 
cortex. The results showed that all Lhe 
cells in a prestriate area called V5 are 
responsive to motion, that most are di¬ 
rectionally selective and that none is 
concerned with the color of lhe moving 
stimulus. These facts suggested to me 
that V5 is specialized for visual motion. 
(Neuroanatomic terminology is not al¬ 
ways uniform; some investigators pre¬ 
fer the label MT to VS.) 

hi contrast, I found that the over¬ 
whelming majority of cells in another 
area, V4, are to some extent selective 
for specific wavelengths of light and 
that many are selective for line orienta¬ 
tion, the constituents of form, as well. 
By far most of the cells in two further 
adjoining areas, V3 and V3A, are also 
selective for form but like the cells of 
area VS are largely indifferent to the 
color of the stimulus. 

These studies led me to propose in 
the early 1970s the concept of func¬ 
tional specialization in the visual cor¬ 
tex, which supposes that color, form, 
motion and possibly other attributes of 
the visible world are processed sepa¬ 
rately. Because the preponderance of 
input to the specialized areas comes 
from VI, a corollary of this finding was 


that VI must also show a functional 
specialization, as must area V2, which 
receives input from VI and connects 
with the same specialized areas. These 
two areas must, in a sense, act as a 
kind of post office, parceling out differ¬ 
ent signals to the appropriate areas. 

In recent years, new tissue-staining 
techniques in combination with physio¬ 
logical studies have provided a star¬ 
tling confirmation of that theory. They 
have also allowed us to trace these spe¬ 
cializations from VI throughout the 
prestriate cortex. 

With the advent of positron emission 
tomography (PET), w 7 hich can measure 
increases in regional cerebral blood flow 
when people perform specific tasks, my 
colleagues at the Hammersmith Hospi¬ 
tal in London and I have begun to apply 



these findings, which were derived from 
experiments on monkeys, to a direct 
study of the human brain. We found 
that when normal-seeing humans view a 
Land color Mondrian (an abstract paint¬ 
ing containing no recognizable objects), 
the highest increase in regional cerebral 
blood flow occurs in a structure named 
the fusiform gyrus. By analogy with a 
similar region in macaque monkeys, we 
refer to this cortical area as human V4. 
The results are very different when sub¬ 
jects view a pattern of moving black- 
and-white squares: the highest cerebral 
blood flow then occurs in a more later¬ 
al area, quite separate from V4, which 
we call human VS. 

This demonstration of the separation 
of motion and color processing consti¬ 
tutes direct evidence that functional 




V4 ACTIVE (MIDSAGITTAL VIEW) V5 ACTIVE (LATERAL VIEW) 



VI AND V2 ACTIVE (MiDSAGITTAL VIEW) 


DISSIMILAR MAGES stimulate different regions of the visual cortex. A brightly col¬ 
ored Mondrian causes area V4 to become highly active, as shown by tests of re¬ 
gional cerebral blood flow. Black-and-white moving images trigger activity in area 
V5. Both types of images lead to activity in areas VI and V2, which have less spe¬ 
cialized functions and distribute signals to other cortical areas. 
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specialization is also a feature of the 
human visual cortex. The PET studies 
reveal another interesting feature: under 
both conditions of stimulation, area VI 
{and probably the adjoining area V2) 
also showed marked increases in re- 
gional cerebral blood flow. As in the 
monkeys, these regions, too, must be 
distributing signals to different areas 
of the prestriate cortex. 

The key to the distribution system in 
these areas lies in their structural and 
functional organization. Area VI is un¬ 
usually rich in cell layers, yet it reveals 
an even richer architecture if one ex¬ 
amines it with a staining technique first 
applied by Margaret Wong-Riley of the 
Medical College of Wisconsin in Milwau¬ 
kee. The organelles known as mitochon¬ 
dria contain a metabolic enzyme called 
cytochrome oxidase that makes energy 
available to a cell. By staining a region 
of the brain for that enzyme, research¬ 


ers can identify which cells have the 
greatest metabolic activity. 

When so stained, the metabolic archi¬ 
tecture of VI is characterized by col¬ 
umns of cells that extend from the cor¬ 
tical surface to the underlying nerve 
tissue called white matter. If viewed in 
sections cut parallel to the cortical sur¬ 
face, these columns appear as heavily 
stained blobs or puffs, separated from 
one another by more lightly stained 
interblob regions. At Harvard Medical 
School, Margaret Livingstone and David 
H. Hubei found that wavelength-selec¬ 
tive cells are concentrated in the blobs 
of VI, whereas form-selective cells are 
concentrated in the interbiobs. 

The columns are especially promi¬ 
nent in the second and third layers of 
VI, which receive input from the par- 
voceilular layers of the lateral genicu¬ 
late nucleus. The cells in those parts of 
the lateral geniculate nucleus respond 


in a strong, sustained way to visual 
stimuli, and many of them are con¬ 
cerned with color. 

A distinct set of structures can be 
seen in layer 4B of VI, which receives 
input from the magnocellular layers of 
the lateral geniculate nucleus, wfiose 
cells respond transiently to stimuli and 
are mostly indifferent to color. Layer 
4B projects to areas V5 and V3. The 
cells in layer 4B that connect with V5 
are clustered into small patches that 
are isolated by cells connected to other 
visual areas. In short, the organization 
of layer 4B in VI suggests that certain 
parts of it are specialized for motion 
perception and are segregated from re¬ 
gions that handle other attributes. 

Like VI t area V2 has a special meta¬ 
bolic architecture. In the case of V2, 
however, that architecture takes the 
shape of thick stripes and thin stripes 
separated from one another by more 
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lightly staining interstripes. As work 
done by Edgar A. DeYoe and David C. 
Van Essen of the California Institute of 
Technology, by Hubei and Livingstone, 
and by Stewart Shipp of University Col¬ 
lege, London, and me has shown, cells 
selective for wavelength congregate in 
the thin stripes, and cells selective for 
directional motion are found in the 
thick stripes. Cells sensitive to form 
are distributed in both the thick stripes 
and the interstripes. 

VI and V2 might therefore be said to 
contain pigeonholes into which the dif¬ 
ferent signals are assembled before be¬ 
ing relayed to the specialized visual ar¬ 
eas. The cells in these pigeonholes have 
small receptive fields; that is, they re¬ 
spond only to stimuli falling on a small 
region of the retina, 'they also register 
information about only a specific at¬ 
tribute of the world within that recep¬ 
tive field. It is as though VI and V2 
were undertaking a piecemeal analysis 
of the entire field of view. 

These facts allow us to delineate four 
parallel systems concerned with differ¬ 
ent attributes of vision—one for mo¬ 
tion, one for color and two for form. 
The two that are computationally most 
distinct from each other are the motion 
and color systems. For the motion sys¬ 
tem, the pivotal prestriate area is V5; 
its inputs run from the retina, through 
the magnocellular layers of the lateral 
geniculate nucleus, to layer 4B of VI. 
From there the signals pass to VS, both 
directly and through the thick stripes 
of V2. The color system depends on 
area V4; its inputs pass through the 
parvocellular layers of the lateral genic¬ 
ulate nucleus to the blobs of VI, then 
proceed to V4 directly or through the 
thin stripes of V2. 

Of the two form systems, one is inti¬ 
mately linked to color, and the other is 
independent of it. The first is based on 
V4 and derives its inputs from the par¬ 
vocellular layers of the lateral genicu¬ 
late nucleus by way of the interblobs of 
VI and the interstripes of V2, The sec¬ 
ond is based on V3 and is more con¬ 
cerned with dynamic form—the shapes 
of objects in motion. It derives its in¬ 
puts from the magnocellular layers of 
the lateral geniculate nucleus through 
layer 4B of VI; the signals then pro¬ 
ceed to V3 both directly and through 
the thick stripes of V2. 


Although these four systems are dis¬ 
tinct, the anatomy of areas VI and V2 
offers many opportunities for the pi¬ 
geonholes to communicate with one 
another, as do the direct connections 
between the specialized visual areas. 
Hence, there is an admixture of the par¬ 
vocellular and magnocellular signals, 
which the prestriate areas use in differ¬ 
ent ways to execute their functions. 

T his remarkable segregation of 
functions is reflected in some of 
the pathologies afflicting the visu¬ 
al cortex. Lesions in specific cortical ar¬ 
eas produce correspondingly specific 
visual syndromes that may be far less 
debilitating than total blindness yet 
still severe enough to drive patients to 
distraction and despair. Lesions in area 
V4 lead to achromatopsia, in which pa¬ 
tients see only in shades of gray. This 
syndrome is different from simple col¬ 
or blindness: not only do such patients 
fail to see or know the world in color, 
they cannot even recall colors from a 
time before the lesion formed. Never¬ 
theless, if their retinas and VI regions 
are healthy, their knowledge of form, 
depth and motion remains intact. 

Similarly, a Lesion in area VS produces 
akinetopsia, in w r hich patients neither 
see nor understand the world in mo¬ 
tion. While at rest, objects may be per¬ 
fectly visible to them, but morion rela¬ 
tive to them causes the objects to van¬ 
ish. The other attributes of vision 
remain unscathed—a specificity that 
results directly from functional differ¬ 
entiation in the human visual cortex. 

Given the separation of form and 
color in the cortex, it is perhaps a lit¬ 
tle surprising that no one lias ever 
reported a complete and specific loss 
of form vision. A partial explanation is 
that such a deficit would require the 
obliteration of areas V3 and V4 to elim¬ 
inate both form systems. Area V3 forms 
a ring around VI and V2. Consequent¬ 
ly, a lesion large enough to destroy all 
of V3 and V4 would almost certainly 
destroy VI as well and thus cause total 
blindness. 

Some patients with lesions hi the 
prestriate cortex do suffer from a de¬ 
gree of form imperception, often cou¬ 
pled with achromatopsia. These people 
commonly experience far greater diffi¬ 
culty when identifying stationary forms 


than when the same forms are in mo¬ 
tion. They frequently prefer watching 
television to watching the real world, 
because television is dominated by mov¬ 
ing images. When faced with stationary 
objects, these patients often resort to 
the strategy of moving their heads to 
simplify’ the task of identification. These 
observations suggest that they acquire 
their knowledge of forms through the 
dynamic form system based in area V3. 

The functional specialization in the vi¬ 
sual cortex also manifests itself in a syn¬ 
drome that 1 have called the chromatop- 
sia ("color vision”) of carbon monoxide 
poisoning. This condition has been de¬ 
scribed sporadically but not infrequent¬ 
ly in the medical literature, although it 
was never taken seriously until the func¬ 
tional specialization was discovered. 
Some people who survive the lethal ef¬ 
fects of smoke inhalation during fires of¬ 
ten suffer diffuse cortical damage from 
carbon monoxide poisoning, which de¬ 
prives tissues of oxygen. As a result, 
these patients often have vision that is 
severely compromised in all respects 
except one: their color vision is affect¬ 
ed only mildly if at all. Because color is 
the only kind of visual knowledge avail¬ 
able to them, the patients try—often 
unsuccessfully—to identify all objects 
solely on the basis of color. They may, 
for example, misidentify all blue ob¬ 
jects as "ocean." 

The precise cause of this strange 
chromatopsia is unknown. The meta- 
bolically active blobs of VI and the thin 
stripes of V2, both of which are con¬ 
cerned with color, do have unusually 
high concentrations of blood vessels 
nourishing them. It is therefore prob¬ 
able that these regions are relatively 
spared from damage because their rich 
blood supply renders them less vulner¬ 
able to oxygen deprivation. 

I n summary, then, we know r that a 
total lesion in area VI produces a 
complete inability to acquire any vi¬ 
sual information and that a lesion in 
one of the specialized areas makes a 
corresponding attribute of the visual 
world inaccessible and incomprehensi¬ 
ble. What would happen, we might ask, 
if signals from the lateral geniculate nu¬ 
cleus were routed directly to the spe¬ 
cialized areas, thus bypassing VI alto¬ 
gether? Nature has actually done thaL 
experiment for us, and the resulting 
phenomenon provides more important 
insights into the functioning of the vi¬ 
sual cortex. 

The phenomenon is known as blind- 
sight; it was first described by Ernst 
Poppd of the University of Munich and 
his colleagues and later studied in great 
detail by l.awrence Weiskrantz of the 


FOUR PERCEPTUAL PATHWAYS within the visual cortex have been identified. Col¬ 
or is seen when wavelength-selective cells in the blob regions of VI send signals to 
specialized area V4 and also to the thin stripes of V2, which connect with V4. Form 
in association with color depends on connections between the imerblobs of VI, the 
interstripes of V2 and area V4, Cells in layer 4B of VI send signals to specialized 
areas V3 and VS directly and also through the thick stripes of V2; these connec¬ 
tions give rise to the perception of motion and dynamic form. 
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University of Oxford and his colleagues. 
People wiLh this condition are totally 
blind because of lesions in area VI. Vet 
if they are forced to guess, they can dis¬ 
criminate correctly among a wide vari¬ 
ety of visual stimuli. They cart, for ex¬ 
ample, distinguish between motion in 
different directions or between differ¬ 
ent wavelengths of light. Their abilities 
are imperfect and not completely reli¬ 
able, but they are better than random 
guessing. Nevertheless, blindsight pa¬ 
tients are not consciously aware of hav¬ 
ing seen anything at all, and they are 
often surprised that their “guesses” 
should have been so accurate. 

The basis for this discrimination al¬ 
most certainly resides in a small but di¬ 
rect connection between the lateral ge¬ 
niculate nucleus and the prestriate cor¬ 
tex, as uncovered by Masao Yukie of 
the Tokyo Metropolitan Institute for 
Neuroscienees and by Wolfgang Fries 
of the University of Munich. Alternative¬ 
ly, some other as yet undiscovered sub¬ 
cortical connection lo the specialized 
areas may be responsible. In any event, 
neurologists have good reason to sup¬ 
pose that in blindsight patients, visual 
signals reach the prestriate cortex. 

B lindsight patients are people who 
“see" but do not “understand." 
Because they are unaware of what 
they have seen, they have not acquired 
any knowledge. In short, their 'Vision," 
which can be elicited only in laboratory 
situations, is quite useless. Thus, for 
the visual cortex to do its job of acquir¬ 
ing a knowledge of the w r ortd, a healthy 
VI area is essential. VI (and, by exten¬ 
sion, V2) may be necessary because it 
begins to process information for fur¬ 
ther refinement by the specialized ar¬ 
eas or because the results of the pro¬ 
cessing performed by lhe specialized 
areas are ref erred back lo it. 

The clinical literature holds many 
other examples that illuminate how the 
preprocessing in areas VI and V2 may 
contribute directly and explicitly to per¬ 
ception. Damage to V5 can destroy the 
ability to discriminate the direction or 
coherence of motions. Yet as Robert F. 
Hess of the University of Cambridge and 
his colleagues found, such akinetopsic 
patients may still be aware that motion 
of some lype is taking place, presum¬ 
ably because of signaling by cells in VI 
and V2 (and possibly in other areas 
that receive magnocellular pathway sig¬ 
nals). Similarly, an achromatopsic pa¬ 
tient with a V4 lesion, whom I studied 
with Fries, could discriminate between 
different wavelengths because of his 
largely intact VI even though he could 
no longer interpret the wavelength in¬ 
formation as color. 


Further insights come from a com¬ 
parison of the residual form-vision ca¬ 
pacities in two other patients who have 
cortical lesions that are, in a way, com¬ 
plementary. The first patient has a dif¬ 
fuse cortical lesion, caused by carbon 
monoxide poisoning, that affects area 
VI. He has terrific difficulty copying 
even simple forms, such as geometric 
shapes or letters of the alphabet, be¬ 
cause the form-detecting system in his 
VI area is so severely compromised. 

The second patient has an extensive 
prestriate lesion from a stroke that has 
generally spared area VL He can repro¬ 
duce a sketch of St Paul’s Cathedral 
with greater skill than many normal 
people, although it takes him a great 
deal of time to do so. Yet this patient 
has no comprehension of what he has 
drawn. Because his VI system is largely 


intact, he can identify the local ele¬ 
ments of form, such as angles and sim¬ 
ple shapes, and accurately copy the 
lines he sees and understands. The pre¬ 
striate lesion, however, prevents him 
from integrating the lines into a com¬ 
plex whole and recognizing it as a build¬ 
ing. The patient sees and understands 
only w hat the limited capacity of his in¬ 
tact system allows. 

' The residual capacity in such pa¬ 
tients unmasks an important feature of 
the organization of the visual cortex, 
namely, that none of the visual areas— 
not even “post office" areas VI and 
V2—serves merely to relay signals to 
other areas. Instead each is pan of the 
machinery' that actively transforms the 
incoming signals and may contribute ex¬ 
plicitly, if incompletely, to perception. 

The profound division of labor with- 


The World Seen through a Damaged Cortex 

amage to specialized regions of the cortex can cause strange types of 
1 blindness in which patients lose the ability to see just one attribute of the 
l y visual world, such as color, form or motion. Artwork produced by some of 
these patients offers glimpses into their view of the world, as well as into the 
workings of the visual cortex itself. 



A patient with damage to the color pathways in the cortex lost all color vision. In his 
drawings, a banana, a tomato and green leaves all have similar colors. 



This stroke patient suffered damage to the prestriate cortex that impaired his per¬ 
ception of form. He could copy a drawing with great skill, but he was unable to 
understand that the lines he had drawn produced an image of St. Paul's Cathedral. 
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in the visual cortex naturally raises the 
question of how the specialized areas 
interact to provide a unified image. The 
simplest way would be for all the spe¬ 
cialized areas to communicate the re¬ 
sults of their operations to one master 
area, which would then synthesize the 
incoming information. Philosophically, 
that solution begs the question, because 
one must then ask who or what looks at 
the composite image, and how it does 
so. That problem is beside Lhe point, 
however, because the anatomic evidence 
shows no single master area to which 
all the antecedent areas exclusively con¬ 
nect. Instead the specialized areas con¬ 
nect with one another, either directly or 
through other areas* 

For example, areas V4 and V5 conned 
directly and reciprocally with each oth¬ 
er* Both of them also project to the pari¬ 


etal and temporal regions of Lhe brain, 
but as my work with my colleagues has 
shown, the outputs from each area oc¬ 
cupy their own unique territory within 
the receiving region. Direct overlap be¬ 
tween the signals from V4 and VS is 
minimal* It is as if the cortex wishes to 
maintain the separation of the distinct 
visual signals—a strategy it also em¬ 
ploys in memory and other systems 
[see 11 Working Memory and the Mind,” 
by Patricia S. Goldman-Rakic, page 72 ]. 
Any integration of the signals within 
the parietal or temporal regions must 
occur through local “wiring" that con¬ 
nects the inputs, 

hi fact, integration of the visual infor¬ 
mation is a monumental task that ne¬ 
cessitates a vast network of anatomic 
links between the four parallel systems 
at every level, because each level con¬ 


tributes explicitly to perception. Inte¬ 
gration also creates some formidable 
problems* To understand coherent mo¬ 
tion, for example, the brain must deter¬ 
mine which features in the field of view 
are moving in the same direction and 
at the same speed* The mot ion-sensing 
cells in the specialized areas are able to 
make those comparisons because they 
have larger receptive fields than do 
their antecedent counterparts in VI* 
Yet because their receptive fields are 
larger, these cells are inherently less ef¬ 
ficient at pinpointing the position of any 
one stimulus within the visual field. For 
the brain to make spatial sense of the 
integrated information, the information 
must somehow be referred to an area 
that has a more precise topographic 
map of the retina and hence of the vi¬ 
sual held. Of all the visual areas, the 



When an achromatopsic (color-blind) patient was shown a was able to copy the shapes in the painting successfully. 

Land color Mondrian (left) and asked to reproduce it, he The colors within the blocks eluded him (right). 
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This patient sustained damage from carbon monoxide 
poisoning and lost his perception of form. At the left, he 
was asked to choose which of four selections was identical 


to a given shape; as the marks on his choices reveal, he 
could not identify them correctly. At the right, his inability 
to copy simple shapes is displayed. 
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KANIZSA TRIANGLE consists of illusory 
contours. A normal visual cortex sees a 
triangle even though interconnecting 
lines are missing. Such illusions show 
that the visual cortex must resolve con¬ 
flicts between different functional areas. 


one with the most precise map is area 
VI, followed by V2, The specialized ar¬ 
eas must therefore send information 
back to VI and V2 so that the results 
of the comparisons can be mapped 
back onto the visual held. 

Reentrant connections, which allow 
information to flow both ways between 
different areas, are also essential for re¬ 
solving conflicts between cells that have 
different capabilities and are respond¬ 
ing to the same stimulus. A good ex¬ 
ample of such conflicts is found in the 
responses of cells in VI and V2 to illu¬ 
sory contours, such as those of the 
Kanizsa Lri angle. 

In this famous illusion, a normal ob¬ 
server perceives a triangle among the 
presented shapes even though the lines 
forming the Lriangle are incomplete; 
the brain creates lines where there arc 
none. As Rudiger von dor Heydt and 
Esther Peterhans of the Zurich Univer¬ 
sity Hospital have demonstrated, the 
form-selective cells in VI do not re¬ 
spond to the illusion and do not sig¬ 
nal that a line is present. The V2 cells 
receive their inputs from VI, but be¬ 
cause the V2 cells have larger recep¬ 
tive fields and more analytic functions, 
they do respond to the illusion by "in¬ 
ferring” the presence of a line. To set¬ 
tle lhe conflict, the V2 cells must have 
reentrant inputs to their counterparts 
in VI, 

Another difficulty that arises from die 
process of integration is the binding 
problem. Cells responding to the same 
object in the held of view' may be scat¬ 
tered throughout VL Something must 
therefore bind together the signals 
from those cells so that they are treated 
as belonging to the same object and not 
separate ones. The problem becomes 
even more thorny when cells in two or 


more visual areas respond to different 
attributes of the same object. 

One way to resolve the problem is 
for the cells to fire in temporal synchro¬ 
ny. In practice, such synchrony does oc¬ 
cur, at least to some extent, among cells 
that are anatomically connected to one 
another, as work by Wolf J. Singer of 
the Max Planck Institute for Brain Re¬ 
search in Frankfurt and his colleagues 
has shown. We must then face the prob¬ 
lem, however, of who or whaL deter¬ 
mines that the firing should be synchro¬ 
nous. Reentrant inputs provide at least 
a partial solution by linking die output 
of one area to Other areas that sent it 
infonnation, 

T hese problems have led me and 
my colleagues to develop a the¬ 
ory of multistage integration. It 
hypothesizes that integration does not 
occur in a single step through a conver¬ 
gence of output onto a master area, 
nor does integration have to be post¬ 
poned until all the visual areas have 
completed dieir individual operations. 
Instead the integration of visual infor¬ 
mation is a process in which percep¬ 
tion and comprehension of the visual 
world occur simultaneously. 

The anatomic requirement for multi¬ 
stage integration is immense, because 
it involves reentrant connections be¬ 
tween all the specialized areas as w f ell 
as with areas VI and V2, which feed 
them signals. Our studies indicate that 
such a network of reentrant connec¬ 
tions does exist. 

The reentrant inputs to areas VI and 
V2 differ fundament ally from their for¬ 
ward connections to the specialized ar¬ 
eas. The forward projections are patchy 
and discrete, because segregated groups 
of cells in V I and V2 send their outputs 
to specialized areas with correspond¬ 
ing visual attributes. The return projec¬ 
tions, however, are diffuse and fairly 
nonspecific. For example, whereas V5 
receives input only from select groups 
of cells in layer 4B of VI, the return in¬ 
put from V5 to layer 48 is diffuse and 
encompasses the territory of all the cells 
in the layer, including ones that project 
into V3. This reentrant system can thus 
serve three purposes simultaneously: it 
can unite and synchronize the signals 
for form and motion found in two dif¬ 
ferent visual pathways; ii can refer in¬ 
formation about motion back to an area 
with an accurate topographic map; it 
can integrate motion information from 
V5 with form information on its way 
to V3. 

Similarly, whereas the output from 
V2 to the specialized areas is highly 
segregated, die return input from those 
areas to V2 is diffuse. V4 projects back 


not only to the thin stripes and the in- 
lerstripes, from which it receives its in¬ 
put, but also to the thick stripes, from 
which it does not. This reentrant sys¬ 
tem can therefore help unite signals 
dealing with form, motion and color. 

It is becoming Increasingly evident 
that the entire network of connections 
within the visual cortex, including the 
reentrant connections to VI and V2, 
must function healthily for the brain to 
gain complete knowledge of the exter¬ 
nal w f orld. Yel as patients with blind- 
sight have shown, knowledge cannot be 
acquired without consciousness, which 
seems to be a crucial feature of a prop¬ 
erly functioning visual apparatus. Con¬ 
sequently, no one will be able to under¬ 
stand the visual brain in any profound 
sense without tackling the problem of 
consciousness as well [see "The Prob¬ 
lem of Consciousness,” by Frauds Crick 
and Cliristof Koch, page 110]. 

The past two decades have brought 
neurologists many marvelous discov¬ 
eries about the visual brain Moreover, 
they have led to a powerful conceptu¬ 
al change in our view of what the visu¬ 
al brain does and how it accomplishes 
its functions. It is no longer possible to 
divide the process of seeing from that 
of understanding, as neurologists once 
imagined, nor is it possible to separate 
the acquisition of visual knowledge 
from consciousness. Indeed, conscious¬ 
ness is a property of the complex neu¬ 
ral apparatus that the brain has devel¬ 
oped to acquire knowledge. 

Thus, our inquiry into the visual brain 
takes us into the very' heart of humani¬ 
ty's inquiry into its own nature. This is 
not to say that understanding the work¬ 
ings of the visual brain will resolve the 
problem of consciousness—far from it. 
But it is a good beginning. 
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The Biological Basis 
of Learning and Individuality 

Recent discoveries suggest that learning engages a simple set of rules 
that modify the strength of connections between neurons in the brain. 
These changes play an important role in making each individual unique 

by Eric R. Kandel and Robert D. Hawkins 


O ver Lhe past several decades, there 
has been a gradual merger of two 
originally separate fields of science: 
neurobiology, the science of the brain, and 
cognitive psychology, the science of the mind. 

Recently the pace of unification has quick¬ 
ened, with the result that a new intellectual 
framework has emerged for examining percep¬ 
tion, language, memory and conscious aware¬ 
ness* This new framework is based on the abil¬ 
ity to study the biological substrates of these 
mental functions. A particularly fascinating 
example can be seen in the study of learning. Elementary as¬ 
pects of the neuronal mechanisms important for several dif¬ 
ferent types of learning can now be studied on the cellular 
and even on the molecular level. The analysis of learning may 
therefore provide the first insights into the molecular mecha¬ 
nisms underlying a mental process and so begin to build a 
bridge between cognitive psychology and molecular biology* 
Learning is the process by which we acquire new knowl¬ 
edge, and memory' is the process by which we retain that 
knowledge over time. Most of what we know about the world 
and its civilizations wc have learned. Thus, learning and mem¬ 
ory' are central to our sense of individuality. Indeed, learning 
goes beyond the individual to Lhe transmission of culture 
from generation to generation. Learning is a major vehicle for 
behavioral adaptation and a powerful force for social prog¬ 
ress* Conversely, loss of memory leads to loss of contact with 
one's immediate self, with one's life history and with other hu¬ 
man beings. 

Until the middle of the 20th century, most students of be¬ 
havior did not believe that memory' was a distinct menial 
function independent of movement, perception, attention 
and language. Long after those functions had been localized 
to different regions of the brain, researchers still doubl¬ 
ed that memory' could ever be assigned to a specific region* 
The first person to do so was Wilder G. Penfield, a neuro¬ 


MIRROR DRAWING EXPERIMENT In patients with temporal 
lobe lesions gave the first hint, in 1960, that there are two 
distinct types of learning systems* One form, which is spared 
by the lesions, involves tasks that have an automatic quality 
such as the skilled movements illustrated in this experiment. 
The subject, who can see his hand only in the mirror, tries to 
trace the shape of a star* The second type of learning depends 
on conscious awareness and cognitive processes and is abol¬ 
ished by the lesions. 


surgeon at the Montreal Neurological Institute, 
In the 1940s Penfield began to use electri¬ 
cal stimulation to map motor, sensory' and 
language functions in the cortex of patients 
undergoing neurosurgery for the relief of 
epilepsy. Because the brain itself does not 
have pain receptors, brain surgery 7 can be car¬ 
ried out under local anesthesia in fully con¬ 
scious patients, who can describe what they 
experience in response to electric stimuli ap¬ 
plied to different cortical areas* Penfield ex¬ 
plored the cortical surface in more than 1,000 
patients* Occasionally he found that electrical stimulation 
produced an experiential response, or flashback, in which 
the patients described a coherent recollection of an earlier 
experience. These memorylike responses were invariably 
elicited from lhe temporal lobes. 

Additional evidence for the role of the temporal lobe in 
memory' came in the 1950s from the study of a few patients 
who underwent bilateral removal of the hippocampus and 
neighboring regions in the temporal lobe as treatment for 
epilepsy, in the first and best-studied case, Brenda Milner of 
the Montreal Neurological Institute described a 27-year-old 
assembly-line worker, H.M., who had suffered from untreat¬ 
able and debilitating temporal lobe seizures for more than 
10 years* The surgeon William B* Scoville removed the medi¬ 
al portion of the temporal lobes on both sides of H.M.'s 
brain. The seizure disturbance was much improved. But im¬ 
mediately after the operation, H.M. experienced a devastat¬ 
ing memory' deficit: he had lost the capacity to form new 
long-term memories. 

Despite his difficulty with the formation of new memories, 
H.M* still retained his previously acquired long-term memory 
store. He remembered his name, retained a perfectly good use 
of language and kept his normal vocabulary'; his IQ remained 
in the range of bright-normal He remembered well the 
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events that preceded the surgery, such 
as the job he had held, and he remem¬ 
bered vividly the events of his child¬ 
hood* Moreover, H.M. still had a com¬ 
pletely intact short-term memory. What 
H.M. lacked, and lacked profoundly, 
was the ability' to translate what he 
learned from short-term to long-term 
memory. For example, he could con¬ 
verse normally with the hospital staff, 
but he did not remember them even 
though he saw them every day. 

The memory deficit following bilater¬ 
al temporal lobe lesions was original¬ 
ly thought to apply equally to all forms 
of new learning. But Milner soon dis¬ 
covered that this is not the case. Even 
though patients with such lesions have 
profound deficits, they can accomplish 
certain types of learning tasks as well 
as normal subjects can and retain the 
memory’ of these tasks for long periods. 
Milner first demonstrated this residual 
memory capability in H.M. with the dis¬ 
covery 7 that he could learn new motor 
skills normally \see illustration on page 
52}. She, and subsequently Elizabeth K. 
Warrington of the National Hospital for 
Nervous Diseases In London and Law¬ 
rence Weiskrantz of the University of 
Oxford, found that patients such as 
H.M* can also acquire and retain memo¬ 
ry For elementary- kinds of learning that 
involve changing the strength of reflex 
responses, such as habituation, sensiti¬ 
zation and classical conditioning. 

It immediately became apparent to 
students of behavior that the difference 
between types of learning that emerged 
from studies of patients with temporal 
lobe lesions represented a fundamental 


psychological distinction—a division in 
the way all of us acquire knowledge. 
Although it is still not clear how many 
distinct memory systems there are, re¬ 
searchers agree that lesions of the tem¬ 
poral lobes severely impair forms of 
learning and memory that require a con¬ 
scious record. In accordance with the 
suggestion of Neal J. Cohen of the Uni¬ 
versity of Illinois and Larry R. Squire of 
the University 7 of Calif ornia at Sail Diego 
and of Daniel L. Schacter of the Univer¬ 
sity of Toronto, these types of learning 
are commonly called declarative or ex¬ 
plicit* Those forms of learning that do 
not utilize conscious participation re¬ 
main surprisingly intact in patients with 
temporal lobe lesions; they are referred 
to as nondeclarative or implicit. 

Explicit learning is fast and may take 
place after only one training trial. It of¬ 
ten involves association of simultane¬ 
ous stimuli and permits storage of in¬ 
formation about a single event that 
happens in a particular time and place; 
it therefore affords a sense of familiar¬ 
ity about previous events. In contrast, 
implicit learning is slow r and accumu¬ 
lates through repetition over many tri¬ 
als. It often involves association of se¬ 
quential stimuli and permits storage of 
information about predictive relations 
between events. Implicit learning is ex¬ 
pressed primarily by improved perfor¬ 
mance on certain tasks without die sub¬ 
ject being able to describe just whai 
has been learned, and it involves mem¬ 
ory' systems that do not draw on the 
contents of the general knowledge of 
the individual. When a subject such as 
H.M. is asked why he performs a given 




TWO CELLULAR MECHANISMS are hypothesized for associative changes in synap¬ 
tic strength during learning* The pre-post coincidence mechanism, proposed by 
Donald O. Hebb in 1949, posits that coincident activity in the presynaplic and post- 
synaptic neurons is critical for strengthening the connections between them. The 
pre-modulatory coincidence mechanism proposed in 1963, based on studies in 
Aplysia, holds that the connection can be strengthened without activity of the 
postsynaptic cell when a third neuron, the modulatory neuron, is active at the 
same lime as the presynaplic neuron. Stripes denote neurons in which coincident 
activity must occur to produce the associative change. 


task better after five days of practice 
than on the first day, he may respond, 
“What are you talking about? Eve never 
done this task before*” 

Whereas explicit memory requires 
structures in the temporal lobe of ver¬ 
tebrates, implicit memory is thought to 
be expressed through activation of the 
particular sensory and motor systems 
engaged by the learning task; it is ac¬ 
quired and retained by the plasticity in¬ 
herent in these neuronal systems. As a 
result, implicit memory can be studied 
in various reflex systems in either ver¬ 
tebrates or invertebrates. Indeed, even 
simple invertebrate animals show ex¬ 
cellent reflexive learning. 

T he existence of two distinct forms 
of learning has caused the reduc¬ 
tionists among neurobioiogists to 
ask whether there is a representation on 
the cellular level for each of these two 
types of learning process* Both the neu¬ 
ral systems that mediate explicit memo¬ 
ry and those that mediaie implicit mem¬ 
ory 7 can store information about the as¬ 
sociation of stimuli. But does the same 
set of cellular learning rules guide the 
two memory systems as they store as¬ 
sociations, or do separate sets of rules 
govern each system? 

An assumption underlying early stud¬ 
ies of the neural basis of memory sys¬ 
tems was that the storage of associa¬ 
tive memory, both implicit and explicit, 
required a fairly complex neural circuit. 
One of the first to challenge this view 
was the Canadian psychologist Don¬ 
ald 0. Hebb, a teacher of Milner. Hebb 
boldly suggested that associative learn¬ 
ing could be produced by a simple cel¬ 
lular mechanism. He proposed that as¬ 
sociations could be formed by coinci¬ 
dent neural activity 7 : “When an axon of 
cell A...excite|s] cell B and repeated¬ 
ly or persistently takes part in firing 
it, some growth process or metabolic 
change takes place in one or both cells 
such that A’s efficacy, as one of the 
cells firing B, i*s increased.” According 
to Hebb’s learning rule, coincident ac¬ 
tivity in the presynaplic and postsyn- 
aptic neurons is critical for strengthen¬ 
ing the connection between them (a so- 
called pre-post associative mechanism) 
\see illustration at left}. 

Ladislav Tauc and one of us (Kandel) 
proposed a second associative learning 
rule in 1963 while working at the Insti¬ 
tute Marey in Paris on the nervous sys¬ 
tem of the marine snail Aplysia. They 
found that the synaptic connection be¬ 
tween two neurons could be strength¬ 
ened without activity 7 of the postsynap- 
tic cell when a third neuron acts on the 
presynaplic neuron. The third neuron, 
called a modulatory neuron, enhances 
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Classical Conditioning in Aplysia 


T he marine snail Aplysia (top left) is used in studies 
of the biological basis of learning because its sim¬ 
ple nervous system consists of only 20,000 rela¬ 
tively large neurons. The diagram (bottom left) traces one 
of the pathways involved in classical conditioning of the 
gill-withdrawal reflex in Aplysia. An increase in the release 
of neurotransmitter due to activity-dependent facilitation 
is a mechanism that contributes to conditioning. The mo¬ 
lecular steps in activity-dependent facilitation are shown in 


the enlargement at the right. Serotonin released from the 
modulatory neuron by the unconditioned stimulus acti¬ 
vates adenylyl cyclase in the sensory neuron* When the 
sensory neuron is active, levels of calcium are elevated 
within the cell. The calcium binds to calmodulin, which in 
turn binds to adenylyl cyclase, enhancing its ability to syn¬ 
thesize cyclic AMR The cyclic AMP activates protein kinase, 
which leads to the release of a substantially greater amount 
of transmitter than would occur normally. 
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transmitter release From the terminals 
of the presynaptic neuron. They sug¬ 
gested that this mechanism could take 
on associative properties if the electri¬ 
cal impulses known as action potentials 
in the presynaptic cell were coincident 
with action potentials in the modulato¬ 
ry neuron (a pre-modulatory associative 
mechanism). 

Subsequently, we and our colleagues 
Thomas J* Carew and Thomas W, Ab¬ 
rams of Columbia University and Edgar 
T. Walters and John H. Byrne of the 
University of Texas Health Science Cen¬ 
ter found experimental confirmation* 
We observed the pre-modulatory asso¬ 


ciative mechanism in Aplysia, where it 
contributes to classical conditioning, an 
implicit form of learning. Then, in 1986, 
Holger J* A* Wigstrom and Bengt E. W* 
Gustafsson, working at the University of 
Goteborg, found that the pre-post asso¬ 
ciative mechanism occurs in the hippo¬ 
campus, where it is utilized in types of 
synaptic change Lhat are important for 
spatial learning, an explicit form of 
learning* 

The finding of two distinct cellular 
learning rules, each with associative 
properties, suggested that the associa¬ 
tive mechanisms for implicit and ex¬ 
plicit learning need not require complex 


neural networks. Rather the ability to 
detect associations may simply reflect 
the intrinsic capability of certain cellu¬ 
lar interactions. Moreover, these find¬ 
ings raised an Intriguing question: Are 
these apparently different mechanisms 
in any way related? Before consider¬ 
ing their possible interrelation, we shall 
first describe the two learning mecha¬ 
nisms, beginning with the pre-modula- 
tory mechanism contributing to classi¬ 
cal conditioning in Aplysia * 

Classical conditioning was first de¬ 
scribed at the turn of the century by 
the Russian physiologist Ivan Pavlov, 
who immediately appreciated that con- 
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HIPPOCAMPUS stores long-term memory for weeks and gradually transfers it to 
specific regions of the cerebral cortex. The diagram illustrates an example of this 
process involving a visual image. Neural input travels to the visual cortex and then 
to the hippocampus, where it is stored for several weeks before it is transferred back 
to the cortex for long-term memory. The hippocampus (en/argemertf ) has three ma¬ 
jor synaptic pathways, each capable of long-term potentiation (LTP), which is thought 
to play a role in the storage process. L IT has different properties in the CA 1 and CA 3 
regions of the hippocampus. 


ditioning represents the simplest exam¬ 
ple of learning lo associate two events. 
In classical conditioning, an ineffective 
stimulus called the conditioned stimu¬ 
lus (or more correctly, the lo-be-con- 
ditioned stimulus) is repeatedly paired 
with a highly effective stimulus called 
the unconditioned stimulus. The condi¬ 
tioned stimulus initially produces only a 
small response or no response at all; the 
unconditioned stimulus elicits a pow¬ 
erful response without requiring prior 
conditioning. 

As a result of conditioning (or learn¬ 
ing), the conditioned stimulus becomes 
capable of producing either a larger re¬ 
sponse or a completely new r response. 
For example, the sound of a bell (the 
conditioned stimulus) becomes effective 
in eliciting a behavioral response such 
as lifting a leg only after that sound has 
been paired with a shock to the leg (the 
unconditioned stimulus) that invariably 
produces a leg-lifting response. For con¬ 
ditioning to occur, the conditioned stim¬ 
ulus generally must be correlated with 
the unconditioned stimulus and precede 
it by a certain critical period. The ani¬ 


mal is therefore thought to learn predic¬ 
tive relations between the two stimuli. 

Because Aplysia has a nervous system 
containing only about 20,000 central 
nerve cells, aspects of classical condi¬ 
tioning can be examined at the cellular 
level. Aplysia has a number of simple 
re flexes, of which the gill-withdrawal 
reflex has been particularly well stud¬ 
ied. The animal normally withdraws 
the gill, its respiratory organ, when a 
stimulus is applied to another part of 
its body such as the mantle shelf or the 
fleshy extension called the siphon. Both 
the mantle shelf and the siphon are in¬ 
nervated by their own populations of 
sensory neurons. Each of these popula¬ 
tions makes direct contact with motor 
neurons for the gill as w r ell as with vari¬ 
ous classes of excitatory' and inhibitory 
intemeurons that synapse on the mo¬ 
tor neurons. We and our colleagues 
Carew and Walters found that even this 
simple reflex can be conditioned. 

A weak tactile stimulus to one path¬ 
way, for example, the siphon, can be 
paired with an unconditioned stimulus 
(a strong shock) to the tail. The other 


pathway, the mantle shelf, can then be 
used as a control pathway. The control 
pathway is stimulated the same num¬ 
ber of times, but the stimulus is not 
paired (associated) with the tail shock. 
After five pairing trials, the response to 
stimulation of the siphon (the paired 
pathway) is greater than that of the 
mantle (the unpaired pathway). If the 
procedure is reversed and the mantle 
shelf is paired rather than the siphon, 
the response to the mantle shelf will be 
greater than that to the siphon. This 
differential conditioning is remarkably 
similar in several respects to that seen 
in vertebrates. 

To discover how this conditioning 
works, we focused on one component: 
the connections between the sensory 
neurons and their target cells, the in¬ 
temeurons and motor neurons. Stimu¬ 
lating the sensory neurons from either 
the siphon or the mantle shelf gener¬ 
ates excitatory synaptic potentials in the 
interneurons and motor ceEs. These 
synaptic potentials cause the motor 
cells to discharge, leading to a brisk re¬ 
flex withdrawal of the gill. The uncon¬ 
ditioned reinforcing stimulus to the tail 
activates many cell groups, some of 
which also cause movement of the gill. 
Among them are at least three groups 
of modulatory neurons, in one of which 
the chemical serotonin is the transmit¬ 
ter. (Neurotransmitters such as seroto¬ 
nin that carry messages between cells 
are called first messengers; other chemi¬ 
cals known as second messengers relay 
information within Lhe cell.) 

These modulatory neurons act on the 
sensory neurons from both the siphon 
and the mantle shelf, where they pro¬ 
duce presynaptic facilitation, that is, 
they enhance transmitter release from 
the terminals of the sensory neurons. 
Presynaptic facilitation contributes to a 
nonassociative form of learning called 
sensitization, in which an animal learns 
to enhance a variety of defensive re¬ 
flex responses afier receiving a nox¬ 
ious stimulus (see "‘Small Systems of 
Neurons,” by Eric R. Kandel; Scientific 
American, September 1979]. This type 
of learning is referred to as nonasso- 
ciative because it does not depend on 
pairing between stimuli. 

The Finding that modulatory neurons 
act on both sets of sensory neurons— 
those from the siphon as well as those 
from the mantle-posed an interesting 
question: How is the specific associative 
strengthening of classical conditioning 
achieved? Timing turned out to be an 
important element here. For classical 
conditioning to occur, the conditioned 
stimulus generally must precede the 
unconditioned stimulus by a critical 
and often narrow interval. For condi- 
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tioning gill withdrawal by tail shock, 
the interval is approximately 0.5 sec¬ 
ond, If the separation is lengthened, 
shortened or reversed, conditioning is 
drastically reduced or does not occur. 

In the gill-withdrawal reflex, the spec¬ 
ificity' in timing results in part from a 
convergence of the conditioned and un¬ 
conditioned stimuli within individu¬ 
al sensory neurons. The unconditioned 
stimulus is represented in the sensory 
neurons by the action of the modulato¬ 
ry' neurons, in particular the ceils in 
which serotonin is the transmitter. The 
conditioned stimulus is represented by 
activity within the sensory neurons 
themselves. We found that the modula¬ 
tory' neurons activated by the uncon¬ 
ditioned stimulus to the tail produce 
greater presynaptic facilitation of the 
sensory neurons if the sensory' neurons 
had just fired action potentials in re¬ 
sponse to the conditioned stimulus. Ac¬ 
tion potentials in the sensory' neurons 
that occur just after the tail shock have 
no effect. 

This novel property 7 of presynaptic fa¬ 
cilitation is called activity dependence. 
Activity-dependent facilitation requires 
the same timing on the cellular level as 
does conditioning on the behavioral lev¬ 
el and may account for such condition¬ 
ing. These results suggest that a cellu¬ 
lar mechanism of classical conditioning 
of the withdrawal reflex is an elabora¬ 
tion of presynaptic facilitation, a mech¬ 
anism used for sensitization of the re¬ 
flex, These experiments provided an ini¬ 
tial suggestion that there might be a 
cellular alphabet for learning whereby 
the mechanisms of more complex types 
of learning may be elaborations or com¬ 
binations of the mechanisms of simpler 
types of learning. 

The next piece in the puzzle of how 
classical conditioning occurs was to dis¬ 
cover why the firing of action poten¬ 
tials in the sensory' neurons just before 
the unconditioned tail stimulus would 
enhance presynaptic facilitation. We had 
previously found that when serotonin 
is released by the modulatory neurons 
in response to tail shock, it initiates 
a series of biochemical changes in the 
sensory' neurons \see illustration on page 
55]. Serotonin binds to a receptor that 
activates an enzyme called adenylyl cy¬ 
clase. This enzyme in turn converts 
ATP t one of the molecules that pro¬ 
vides the energy needed to power the 
various activities of the cell, into cyclic 
AMP. Cyclic AMP then acts as a second 
messenger (serotonin is the first mes¬ 
senger) inside the cell to activate an¬ 
other enzyme, a protein kinase. Kinas¬ 
es are proteins that phosphorylate (add 
a phosphate group to) other proteins, 
thereby increasing the activity' of some 


and decreasing the activity 1 of others. 

The activation of the protein kinase 
in sensory neurons has several impor¬ 
tant short-term consequences. The pro¬ 
tein kinase phosphorylates potassium 
channel proteins. Phosphorylation of 
these channels (or of proteins that act 
on these channels) reduces a compo¬ 
nent of the potassium current that nor¬ 
mally repolarizes the action potential. 
Reduction of potassium current pro¬ 
longs the action potential and thereby 
allows calcium channels to be activated 
for longer periods, permitting more cal¬ 
cium to enter the presynaptic terminal. 
Calcium has several actions within the 
cell, one of which is the release of trans¬ 
mitter vesicles from the terminal When, 
as a result of an increase in the dura¬ 
tion of the action potentials, more calci¬ 


um enters the terminal, more transmit¬ 
ter is released. Second, as a result of 
protein kinase activity, serotonin acts 
to mobilize transmitter vesicles from a 
storage pool to the release sites at the 
membrane; this facilitates the release 
of transmitter independent of an in¬ 
crease in calcium Influx. In this action, 
cyclic AMP acts in parallel with another 
second messenger, protein kinase C, 
which is also activated by serotonin. 

Why should the firing of action po¬ 
tentials in the sensory neurons just be¬ 
fore the unconditioned stimulus en¬ 
hance the action of serotonin? Action 
potentials produce a number of chang¬ 
es in the sensory' neurons. They allow 
sodium and calcium to move in and po¬ 
tassium to move out, and they change 
the membrane potential. Abrams and 



IN LONG-TERM POTENTIATION the postsynaptic membrane is depolarized by the 
actions of the non-NMDA receptor channels. The depolarization relieves the magne¬ 
sium blockade of the NMDA channel, allowing calcium to flow through the channel. 
The calcium triggers calcium-dependent kinases that lead to the induction of LTP* 
The postsynaptic cell is thought to release a retrograde messenger capable of pene¬ 
trating the membrane of the presynaptic cell This messenger, which may be nitric 
oxide, is believed to act in the presynaptic terminal to enhance transmitter (gluta¬ 
mate) release, perhaps by activating guanylyl cyclase or ADP-ribosyl transferase. 
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Kandel found that the critical function 
of the action potential for activity' de¬ 
pendence was the movement of calcium 
into the sensory neurons. Once in the 
cell, calcium binds to a protein called 
calmodulin, which amplifies the acti¬ 
vation of the enzyme adenylyl cyclase 
by serotonin. When calcium/calmodu- 
lin binds to the adenylyl cy clase, the en¬ 
zyme generates more cyclic AMP. This 
capacity makes adenylyl cyclase an im¬ 
portant convergence site for the condi¬ 
tioned and the unconditioned stimuli. 

Thus, the conditioned and the uncon¬ 
ditioned stimuli are represented within 
the cell by the convergence of two dif¬ 
ferent signals (calcium and serotonin) 
on the same enzyme. The 0.5-second 
interval between the two stimuli essen¬ 
tial for learning in the gill-withdrawal 
reflex may correspond to the time dur¬ 
ing which calcium is elevated in the pre- 
synaptic terminal and binds to calmod¬ 
ulin so as to prime the adenylyl cyclase 
to produce more cyclic AMP in response 
to serotonin. 

Activity-dependent amplification of 
the cyclic AMP pathway is not unique 
to the gill- or tail-withdraw ? a! reflexes of 
Aptysia . Genetic studies in the fruit fly 
Drosophila have implicated a similar 
molecular mechanism for conditioning. 
Drosophila can be conditioned, and sin¬ 


gle-gene mutants have been discovered 
that are deficient in learning. One such 
mutant, called rutabaga, has been stud¬ 
ied by William G. Quinn of the Massa¬ 
chusetts Institute of Technology and 
Margaret Livingstone of Harvard Univer¬ 
sity and by Yadin Dudai of the Weiz- 
mann Institute in Israel. The gene encod¬ 
ing the defective protein in this mutant 
has now been showTi to be a calcium/ 
calmodulin-dependent adenylyl cyclase. 
As a result of the mutation in ruta¬ 
baga, the cyclase has lost its ability to 
be stimulated by calcium/calmodulin. 
Moreover, Ronald L. Davis and his col¬ 
leagues at Cold Spring Harbor Labora¬ 
tory have found that this form of the 
adenylyl cyclase is enriched in the mush¬ 
room bodies, a part of the fly brain criti¬ 
cal for several types of associative learn¬ 
ing. Thus, both ceil biological studies in 
Aptysia and genetic studies in Drosophi¬ 
la point to the significance of the cyclic 
AMP second-messenger system in cer¬ 
tain elementary types of implicit learn¬ 
ing and memory storage. 

W hat about explicit forms of 
learning? Do these more com¬ 
plex types of associative team¬ 
ing also have cellular representations for 
associativity? If so, they must differ from 
the mechanisms for implicit learning, 


because, unlike classical conditioning, 
explicit learning is often most success¬ 
ful when the two events that are associ¬ 
ated occur simultaneously. For example, 
we recognize the face of an acquaintance 
most easily when we see that acquain¬ 
tance in a specific context. The stimuli 
of the face and of the setting act simulta¬ 
neously to help us recognize the person. 

As w r e have seen, explicit learning 
in humans requires the temporal lobe. 
Yet it was unclear at first how extensive 
the bilateral lesion in the temporal lobe 
had to be to interfere with memory stor¬ 
age. Subsequent studies in humans and 
in experimental animals by Mortimer 
Mishkin of the National Institutes of 
Health and by Squire, David G. Amaral 
and Stuart Zola-Morgan of the Univer¬ 
sity of California at San Diego help to 
answer the question. They suggest that 
one structure within the temporal lobe 
particularly critical for memory storage 
is the hippocampus. And yet lesions of 
the hippocampus interfere only with the 
storage of new' memories: patients like 
H.M. still have a reasonably good mem¬ 
ory of earlier events. The hippocampus 
appears to be only a temporary depos¬ 
itory for long-term memory. The hip¬ 
pocampus processes the newly learned 
information for a period of w r eeks to 
months and then transfers the infor¬ 
mation to relevant areas of the cerebral 
cortex for more permanent storage [see 
'"Brain and Language/ 1 by Antonio R. Da- 
masio and Hanna Damasio, page 62]. As 
discussed by Patricia S. Goldman-Rakic, 
the memory stored at these different 
cortical sites is then expressed through 
the working memory' of the prefrontal 
cortex [see "Working Memory and the 
Mind/ 1 page 72], 

In 1973 Timothy Bliss and Terje 
Lomo, working in Per Andersen's labora¬ 
tory in Oslo, Norway, first demonstrated 
that neurons in the hippocampus have 
remarkable plastic capabilities of the 
kind that w'ould be required for learn¬ 
ing. They found that a brief high-fre¬ 
quency train of action potentials in one 
of the neural pathways within the hip¬ 
pocampus produces an increase in syn¬ 
aptic strength in that pathway. The in¬ 
crease can be shown to last for hours 
in an anesthetized animal and for days 
and even weeks in an alert, freely mov¬ 
ing animal. 

Bliss and Lomo called this strength¬ 
ening long-term potentiation (LTP). Lat¬ 
er studies showed that LTP has differ¬ 
ent properties in different types of syn¬ 
apses within the hippocampus. We will 
focus here on an associative type of po¬ 
tentiation that has two interrelated char¬ 
acteristics. First, the associativity is of 
the Hebbian pre-post form: for facilita¬ 
tion to occur, the contributing presyn- 




ASSGCIATTVE PROCESSES believed to contribute to learning in Aptysia and in the 
hippocampus of mammals may share similar mechanisms. Both may involve a 
modulatory substance that produces activity-dependent enhancement of transmit¬ 
ter release from the presynaptic neuron. Stripes denote neurons in which coinci¬ 
dent activity must occur to produce the associative change. 
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aptic and postsynaptic neurons need 
to be active simultaneously. Second, and 
as a resuli, the long-term potentiation 
shows specificity” it is restricted in its 
action to the pathway that is stimulated. 

Why is simultaneous firing of the 
presynaptic and postsynaptic cells nec¬ 
essary for long-term potentiation? The 
major neural pathways in the hippo¬ 
campus use the amino acid glutamate 
as their transmitter. Glutamate produc¬ 
es LTP by binding to glutamate recep¬ 
tors on its target ceils. It turns out that 
there are two relevant kinds of gluta¬ 
mate receptors: the NMDA receptors 
(named after the chemical N-methyl D- 
aspartate, which also binds to these re¬ 
ceptors) and the non-NMDA receptors. 
Non-NMDA receptors dominate most 
synaptic transmission because the ion 
channel associated with Lhe NMDA re¬ 
ceptor is usually blocked by magnesium. 
It becomes unblocked only when the 
postsynaptic cell is depolarized. More¬ 
over, optimal activation of the NMDA re¬ 
ceptor channel requires that the two sig¬ 
nals—glutamate binding to the receptor 
and depolarization of the postsynaptic 
cell—take place simultaneously. Thus, 
the NMDA receptor has associative or 
coincidence-detecting properties much 
as does the adenylyl cyclase. But its 
temporal characteristics, a requirement 
for simultaneous activation, are better 
suited for explicit rather than implicit 
forms of learning. 

Calcium influx into the postsynaptic 
cell through the unblocked NMDA re¬ 
ceptor channel is critical for long-term 
potentiation, as was first shown by Gary 
Lynch of the University of California at 
Irvine and by Roger A. Nicoll and Robert 
S. Zucker and colleagues at the Univer¬ 
sity of California at San Francisco. Cal¬ 
cium initiates LTP by activating at least 
three different types of protein kinases. 

The induction of LTP appears to de¬ 
pend on postsynaptic depolarization, 
leading to the influx of calcium and the 
subsequent activation of second-mes¬ 
senger kinases. For the maintenance of 
LTP, on the other hand, several groups 
of researchers have found that enhance¬ 
ment of transmitter from the presynap¬ 
tic terminal is involved. These workers 
include Bliss and his colleagues, John 
Bekkers and Charles Stevens of the Salk 
Institute and Roberto Malinow and Rich¬ 
ard Tsien of Stanford University. 

If the induction of LTP requires a post- 
synaptic event (calcium influx through 
the NMDA receptor channels) and main¬ 
tenance of LTP involves a presynaptic 
event (increase in transmitter release), 
then, as first proposed by Bliss, some 
message must be sent from the postsyn¬ 
aptic to the presynaptic neurons—and 
that poses a problem for neuroscien- 


Representation of the Surface of the Body in the Cortex 

T he homunculus ("little man") is 
a traditional way of illustrating 
how the surface of the body is repre¬ 
sented in the somatosensory cortex. 
Larger areas of the cortex are devot¬ 
ed to parts of the body that have 
greater sensitivity, such as the fin¬ 
gers and lips. 

Recently the effects of sensitivi¬ 
ty training have been shown in the 
owl monkey. The monkey's digits are 
represented in areas 3b and 1 of 
the somatosensory cortex {a). The diagrams (b and d) outline the regions 
that map the surface of the digits of an adult monkey (c) before and after 
training. During training the monkey rotated a disk for one hour a day, us¬ 
ing only digits 2, 3 and occasionally 4. After three months of this activ¬ 
ity, the area representing the stimulated fingers in the brain had increased 
substantially. 
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lists. Ever since the great Spanish anato¬ 
mist Santiago Ramon y Cajal first enun¬ 
ciated the principle of dynamic polari¬ 
zation, every chemical synapse studied 
has proved to be unidirectional. Infor¬ 
mation flows only from the presynaptic 
to the postsynaptic cell. In long-term po¬ 
tentiation, a new principle of nerve cell 
communication seems to be emerging. 
The calcium-activated second-messen¬ 
ger pathways, or perhaps calcium act¬ 
ing directly, seem to cause release of a 
retrograde plasticity factor from the ac¬ 
tive postsynaptic cell. This retrograde 
factor then diffuses to the presynaptic 
terminals to activate one or more sec¬ 
ond messengers that enhance transmit¬ 
ter release and thereby maintain LTP 
[see illustration on page 57]. 

Unlike the presynaptic terminals, 
which store transmitter in vesicles and 
release it at specialized release sites, the 
postsynaptic terminals lack any special 
release machinery. It therefore seemed 
attractive to posit that the retrograde 
messenger may be a substance that 
rapidly diffuses out of the postsynaptic 
cell across the synaptic deft and into 
the presynaptic terminal. By 1991 four 
groups of researchers had obtained evi¬ 


dence that nitric oxide may be such a 
retrograde messenger: Thomas J. O'Dell 
and Ottavio Arancio in our laborato¬ 
ry, Erin M. Schuman and Daniel Madison 
of Stanford University, Paul F. Chapman 
and his colleagues at the University of 
Minnesota School of Medicine and Georg 
Bohme and his colleagues in France. In¬ 
hibiting the synthesis of nitric oxide in 
the postsynaptic neuron or absorbing 
nitric oxide in the extracellular space 
blocks Lhe induction of LTP, whereas ap¬ 
plying nitric oxide enhances transmitter 
release from presynaptic neurons. 

In the course of studying the effects 
of applying nitric oxide in slices of hip¬ 
pocampus, we and Scott A. Small and 
Min Zhuo made a surprising finding: we 
discovered that nitric oxide produces 
LTP only if it is paired with activity in 
die presynaptic neurons, much as is the 
case in activity-dependent presynaptic 
facilitation in Aplysia. Presynaptic activ¬ 
ity, and perhaps calcium influx, appears 
to be critical for nitric oxide to produce 
potentiation These experiments suggest 
that long-term potentiation uses a com¬ 
bination of two independent, associative, 
synaptic learning mechanisms: a Heb- 
bian NMDA receptor mechanism and a 
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non-Hebbian, activity-dependent, presyn¬ 
aptic facilitating mechanism* Accord¬ 
ing to this hypothesis, the activation of 
NMDA receptors in the postsynaptic 
cells produces a retrograde signal (nitric 
oxide)* The signal then initiates an activ¬ 
ity-dependent presynaptic mechanism, 
which facilitates the release of transmit¬ 
ter from the presynaptic terminals. 

What might be the functional advan¬ 
tage of combining two associative cellu¬ 
lar mechanisms, the postsynaptic NMDA 
receptor and the activity-dependent pre¬ 
synaptic facilitation, in this way? If pre¬ 
synaptic facilitation is produced by a dif¬ 
fusible substance, that substance could, 
in theory, find its way into neighbor¬ 
ing pathways. In fact, studies by Tobi¬ 
as Bonhoeffer and his colleagues at the 
Max Planck Institute for Brain Research 
in Frankfurt indicate that LIP initiat¬ 
ed in one postsynaptic cell spreads to 
neighboring postsynaptic cells. Activity 
dependence of presynaptic facilitation 
could be a way of ensuring that only spe¬ 
cific presynaptic pathways—those that 
are active—are potentiated Any inactive 
presynaptic terminals would not be af¬ 
fected \see illustration on page 581 

The changes in synapses that are 
thought to contribute to these instanc¬ 
es of implied and explicit learning raise 
a surprising reductionist possibility. The 
fact that associative synaptic changes 
do not require complex neural networks 
suggests there may be a direct corre¬ 
spondence between these associative 
forms of learning and basic cellular 
properties. In the cases that we have 
reviewed, the cellular properties seem 
to derive in turn from the properties of 
specific proteins—the adenylyl cyclase 
and the NMDA receptor—that are capa¬ 
ble of responding to two independent 
signals, such as those from the condi¬ 
tioned stimulus and the unconditioned 
.stimulus. Of course, these molecular as¬ 
sociative mechanisms do not act in iso¬ 
lation. They are embedded in ceils that 
have rich molecular machinery for elab¬ 
orating the associative process. And the 
ceils, in turn, are embedded in complex 
neural networks with considerable re¬ 
dundancy, parallelism and computation¬ 
al power, adding substantial complexity' 
to these elementary mechanisms. 

The finding that LI P occurs in the 
hippocampus, a region known to be 
significant in memory storage, made 
researchers wonder whether LTP is in¬ 
volved in the process of storing mem¬ 
ories in this area of the brain. Evidence 
that ii is has been provided by Rich¬ 
ard Morris and his colleagues at the Uni¬ 
versity of Edinburgh Medical School by 
means of a spatial memory task. When 
NMDA receptors in the hippocampus 
are blocked, the experimental animals 


fail to leam the task. These experiments 
suggest that NMDA receptor mecha¬ 
nisms in the hippocampus, and perhaps 
LIT, are involved in spatial learning. 

H aving now considered the mech¬ 
anisms through which learning 
can produce changes in nerve 
cells, we are faced with a final set of 
questions. What are the mechanisms 
whereby the synaptic changes produced 
by explicit and implicit learning en¬ 
dure? How r is memory maintained in 
the long term? 

Experiments in both Aplysia and 
mammals indicate that explicit and im¬ 
plicit memory storage proceed in stag¬ 
es. Storage of the initial information, a 
type of short-term memory, lasts min¬ 
utes to hours and involves changes in 
the strength of existing synaptic connec¬ 
tions (by means of second-messenger- 
mediated modifications of the kind we 
have discussed). The long-term chang¬ 
es (those that persist for wrecks and 
months) are stored at the same site, but 
they require something entirely new: the 
activation of genes, the expression of 
new proteins and the growth of new r 
connections. In Aplysia, Craig H, Bailey, 
Mary C. Chen and Samuel M. Schacher 
and their colleagues at Columbia Univer¬ 
sity and Byrne and his colleagues at the 
University of Texas Health Science Cen¬ 
ter have found that stimuli that pro¬ 
duce long-term memory for sensitiza¬ 
tion and classical conditioning lead to 
an increase in the number of presynap¬ 
tic terminals. Similar anaiomic changes 
occur in ihe hippocampus after LTP. 

If long-term memory' leads to ana¬ 
tomic changes, does that imply that 
our brains are constantly changing ana¬ 
tomically as we learn and as we for¬ 
get? Will we experience changes in our 
brain’s anatomy as a result of reading 
and remembering this issue of Scien¬ 
tific American? 

This question has been addressed by 
many investigators, perhaps most dra¬ 
matically by Michael Merzenich of the 
University of California at San Francis¬ 
co. Merzenich examined the represen¬ 
tation of t he hand in the sensory area 
of the cerebral cortex. Until recently, 
neuroscientists believed this represen¬ 
tation was stable throughout life. But 
Merzenich and his colleagues have now r 
demonstrated that cortical maps are 
subject to constant modification based 
on use of the sensory pathways. Since 
all of us are brought up in somewhat 
different environments, are exposed to 
different combinations of stimuli and 
are likely to exercise our sensory and 
motor skills in different ways, the ar¬ 
chitecture of each of our brains will be 
modified in slightly different ways. This 


distinctive modification of brain archi¬ 
tecture, along with a unique genetic 
makeup, contributes to the biological 
basis for the expression of individuality. 

This view is best demonstrated in a 
study by Merzenich, in which he en¬ 
couraged a monkey to touch a rotating 
disk with only the three middle fingers 
of its hand. After several thousand disk 
rotations, the area in the cortex devoted 
to the three middle fingers was expand¬ 
ed at the expense of that devoted to ihe 
other fingers [see illustration on preced¬ 
ing page}. Practice, therefore, can lead to 
changes in the cortical representation 
of the most active fingers. What mecha¬ 
nisms underlie the changes? Recent evi¬ 
dence indicates that the cortical con¬ 
nections in the somatosensory system 
are constantly being modified and up¬ 
dated on Lhe basis of correlated activi¬ 
ty, using a mechanism that appears sim¬ 
ilar to that which generates LTP. 

Indeed, as we have learned from Car¬ 
la J. Shatz [see "The Developing Brain,” 
page 341, early results from cell bio¬ 
logical studies of development suggest 
that the mechanisms of learning may 
carry with them an additional bonus. 
There Is now r reason to believe that the 
fine-tuning of connections during late 
stages of development may require an 
activity-dependent associative synaptic 
mechanism perhaps similar to LTP, If 
that is also true on the molecular level— 
if learning shares common molecular 
mechanisms with aspects of develop¬ 
ment and growth—-the study of learning 
may help connect cognitive psychology 
to the molecular biology of the organ¬ 
ism more generally. This broad biologi¬ 
cal unification would accelerate the de¬ 
mystification of mental processes and 
position their study squarely within the 
evolutionary framework of biology. 
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To GetThe Highest R&D 
Tax Credit, Here’s All 
The ResearchT5u.il Need. 


R&D Credit Rate Comparison i 


Qualified Research 

Basic Research 


Credit Rate 

Credit Rate 

California 

8% 

12% 

Connecticut 

None 

None 

Illinois 

6.5% 

None 

Iowa 

6.5% 

None 


DO™ “ 


MASSACHUSETTS 10% 

15% * 

. ,,,,,..,„ ■ 

Mississippi 

$500/emp. 

None 

New Hampshire 

None 

None 

North Carolina 

None 

None 

North Dakota 

8% 

None 

Oregon 

5% 

5% 

Teas 

None 

None 

West Virginia 

10% 

None 

Wisconsin 

5% 

None 



This year Massachusetts made 
another strong commitment to eco¬ 
nomic growth by adopting a perma¬ 
nent incremental research and 
development tax incentive. And as 
the chart clearly shows, Massachusetts 
has the most generous in the country. 

No state has higher tax credit rates: 
10% of incremental increases in 


qualified research and 15% of incre¬ 
mental increases in basic research. And 
unlike other states, there is a 15-year 
to indefinite carryover provision. 

There’s even more evidence of 
Massachusetts’ ever-increasing pro- 
business attitude. Governor Weld and 
the legislature have balanced two 
consecutive state budgets with no new 


borrowing or new taxes. The personal 
income tax rate has been reduced 
from 6.25% to 5.95%. And we are 
working for more tax credits for new 
investments, jobs and job training. 

For more information on why this 
is a great place to grow your business, 
call for a copy of Massachusetts: The 
Competitive Advantage. 617T27-3206. 



Wants Your Business 




































Brain and Language 

A large set of neural structures serves to represent 
concepts; a smaller set forms words and sentences. 
Between the two lies a crucial layer of mediation 


by Antonio R. Damask) and Hanna Damasio 


W hat do neuroscientists talk about 
when they talk about language? We 
talk, it seems, about the ability to 
use words (or signs, if our language is one of 
the sign languages of the deaf) and to com¬ 
bine them in sentences so that concepts in 
our minds can be transmitted to other peo¬ 
ple. W r e also consider the converse: how we 
apprehend words spoken by others and turn 
them into concepts in our owti minds. 

Language arose and persisted because it 
serves as a supremely efficient means of 
communication, especially tor abstract concepts. Try to ex¬ 
plain the rise and fall of the communist republics without 
using a single word. But language also performs what Patri¬ 
cia S. Churchland of the University of California at San Die¬ 
go aptly calls “cognitive compression/ 1 It helps to categorize 
the w orld and to reduce the complexity 7 of conceptual struc¬ 
tures to a manageable scale. 

The word “screwdriver,” for example, stands for many 
representations of such an instrument, including visual de¬ 
scriptions of its operation and purpose, specific instances of 
its use, the feel of the tool or the hand movement that per¬ 
tains to it. Or there is the immense variety of conceptual rep¬ 
resentations denoted by a word such as “democracy/ 1 The 
cognitive economies of language—its facility for pulling to¬ 
gether many concepts under one symbol—make it possible 
for people to establish ever more complex concepts and use 
them to think at levels that would otherwise be impossible. 

In the beginning, however, there were no words. Language 
seems to have appeared in evolution only after humans and 
species before them had become adept at generating and 
categorizing actions and at creaiing and categorizing mental 
representations of objects, events and relations. Similarly, 
infants’ brains are busy representing and evoking concepts 
and generating myriad actions long before they utter their 
first well-selected word and even longer before they form 
sentences and truly use language. However, the maturation 
of language processes may not always depend on the matu¬ 
ration of conceptual processes, since some children with de¬ 
fective conceptual systems have nonetheless acquired gram¬ 
mar. The neural machinery necessary for some syntactic op¬ 
erations seems capable of developing autonomously. 
Language exists both as an artifact in the external world— 


MARTIN LUTHER KING is remembered both for his vision of 
racial harmony and for his ability to find words that stirred 
his listeners to action. The central issue of the neurophysiol¬ 
ogy of language, die authors say, is to map the structures in 
the brain lhat manipulate concepts and those that turn the 
concepts into words. 


a collection of symbols in admissible combi¬ 
nations—and as the embodiment in tire brain 
of those symbols and the principles that de¬ 
termine their combinations. The brain uses 
the same machinery to represent language 
that it uses to represent any other entity. As 
neuroscientists come to understand the neural 
basis for ihe brain's representations of exter¬ 
nal objects, events and their relations, they will 
simultaneously gain insight into the brain's 
representation of language and into the mech¬ 
anisms that connect the two. 

We believe the brain processes language by means of three 
interacting sets of structures. First, a large collection of neu¬ 
ral systems in both the right and left cerebral hemispheres 
represents non language interactions between the body and 
its environment, as mediated by varied sensory and motor 
systems—that is to say, anything that a person does, per¬ 
ceives, thinks or feels while acting in the w r orld. 

The brain not only categorizes these nonlanguage repre¬ 
sentations (along lines such as shape, color, sequence or 
emotional state), it also creates another level of representa¬ 
tion for the results of its classification. In this way, people 
organize objects, events and relationships. Successive layers 
of categories and symbolic representations form the basis 
for abstraction and metaphor. 

Second, a smaller number of neural systems, generally lo¬ 
cated in the left cerebral hemisphere, represent phonemes, 
phoneme combinations and syntactic rules for combining 
words. When stimulated from within the brain, these sys¬ 
tems assemble word-forms and generate sentences to be 
spoken or written. When stimulated externally by speech or 
text, they perform the initial processing of auditory 7 or visual 
language signals. 

A third set of structures, also located largely in the left 
hemisphere, mediates between the first two. It can take a 
concept and stimulate the production of word-forms, or it 
can receive words and cause the brain to evoke the corre¬ 
sponding concepts. 

Such mediation structures have also been hypothesized 


ANTONIO R. DAMASIO and HANNA DAMASIO have been in¬ 
vestigating the neural basis of language and memory for the 
past two decades. Antonio Damasio is professor and head of the 
department of neurology at the University of Iowa College of 
Medicine and adjunct professor at the Salk Institute for Biologi¬ 
cal Studies in San Diego. He received his MX), and doctorate 
from the University of Lisbon. Hanna Damasio also holds an M.D. 
from die University of Lisbon. She is professor of neurology and 
director of the Laboratory for Neuroimaging and Human Neu¬ 
roanatomy at the University of Iowa. 
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CORTICES) 


LEFT BASAL 
GANGLIA 


BRAIN SYSTEMS FOR COLOR exemplify ihe organization of language structures. 
Evidence from studies of people who have sustained brain damage indicates that 
the concepts for colors depend on the Functioning of one system, that words for 
colors depend on another system and that the connections between words and 
concepts depend on a third. 


from a purely psycholinguistic perspec¬ 
tive. Willem J. M. Levelt of the Max 
Planck Institute for Psycholinguistics 
in Nijmegen has suggested that word- 
forms and sentences are generated 
from concepts by means of a compo¬ 
nent he calls 'lemma,” and Merrill F. 


Garret of the University of Arizona 
holds a similar view. 

The concepts and words for colors 
serve as a particularly good example of 
this tripartite organization. Even those 
afflicted by congenital color blindness 
know that certain ranges of hue (chro- 


Components of a Sound-Based Language 


PHONEMES The individual sound units, whose concatenation, in a partic¬ 
ular order, produces morphemes. 


MORPHEMES The smallest meaningful units of a word, whose combination 
creates a word. (In sign languages the equivalent of a mor 
pheme is a vtsuomotor sign,) 

SYNTAX The admissible combinations of words in phrases and sen¬ 
tences (called grammar, in popular usage). 

LEXICON The collection of all words in a given language. Each lexical 
entry includes all information with morphological or syntac- 
tic ramifications but does not include conceptual knowledge. 


SEMANTICS The meanings that correspond to all lexical items and to all 
possible sentences, 

PROSODY The vocal intonation that can modify the literal meaning of 
words and sentences. 


DISCOURSE The linking of sentences such that they constitute a narrative. 


ma) band together and are different 
from other ranges, independent of their 
brightness and saturation. As Brent Ber¬ 
lin and Eleanor H. Rosch of the Universi¬ 
ty of California at Berkeley have shown, 
these color concepts are fairly univer¬ 
sal and develop whether or not a given 
culture actually has names to denote 

them. Naturally, the retina and the lat¬ 
eral geniculate nucleus perform the ini¬ 
tial processing of color signals, but the 
primary visual cortex and at least two 
other cortical regions (known as V2 and 
V4) also participate in color processing; 
they fabricate what we know as the ex¬ 
perience of color. 

With our colleague Matthew Rizzo, 
we have found that damage to the oc¬ 
cipital and subcalcarine portions of the 
left and right lingual gyri, the region of 
the brain believed to contain the V2 and 
V4 cortices, causes a condition called 
achromatopsia. Patients who previously 
had normal vision lose their perception 
of color [sec “The Visual Image in Mind 
and Brain," by Semir Zeki, page 42]. 
Furthermore, they lose the ability even 
to imagine colors. Achromatopsies usu¬ 
ally sec the world in shades of gray; 
when they conjure up a typically col¬ 
ored image in their minds, they see the 
shapes, movement and texture but not 
the color. When they think about a field 
of grass, no green is available, nor will 
red or yellow be part of their otherwise 
normal evocation of blood or banana. 
No lesion elsewhere in the brain can 
cause a similar defect. In some sense, 

then, the concept of colors depends on 
this region. 

Patients with lesions in the left pos¬ 
terior temporal and inferior parietal 
cortex do not lose access to their con¬ 
cepts, hut they have a sweeping im¬ 
pairment of their ability to produce 
proper word morphology regardless of 
the category to which a word belongs. 
Even if they are properly experienc¬ 
ing a given color and attempting to re¬ 
trieve the corresponding word-form, 
they produce phonemicaily distorted 
color names; they may say “huh” for 
“blue," for example. 

Other patients, who sustain damage 
in the temporal segment of the left lin¬ 
gual gyrus, suffer from a peculiar de¬ 
fect called color anomia, which affects 
neither color concepts nor the utterance 
of color words. These patients continue 
to experience color normally; they can 
match different hues, correctly rank 
hues of different saturation and easily 
put the correct colored paint chip next 
to objects in a black-and-white photo¬ 
graph. But their ability to put names to 
color is dismally impaired. Given the 
limited set of color names available to 
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tiiose of us who are not interior decora¬ 
tors, it is surprising to see patients use 
the word "blue" or "red" when shown 
green or yellow and yet be capable of 
neatly placing a green chip next to a pic- 
ture of grass or a yellow chip next to 
a picture of a banana. The defect goes 
both ways: given a color name, the pa¬ 
tient will point to Lhe wrong color. 

At the same time, however, all the 
wrong color names the patient uses 
are beautifully formed, phonologically 
speaking, and the patient has no other 
language impairment. The color-concept 
system Is intact, and so is the word- 
form implementation system. The prob¬ 
lem seems to reside with the neural sys¬ 
tem that mediates between Lhe two. 

T he same three-part organization 
that explains how people man¬ 
age to talk about color applies to 
other concepts as well. But how are 
such concepts physically represented 
in the brain? We believe there are no 
permanently held "pictorial" represen¬ 
tations of objects or persons as was 
traditionally thought. Instead the brain 
holds, in effect, a record of the neural 
activity ihai takes place in the sensory 
and motor cortices during interaction 
with a given object. The records are 
patterns of synaptic connections that 
can re-create the separate sets of activi¬ 
ty that define an object or event; each 
record can also stimulate related ones. 
For example, as a person picks up a 
coffee cup, her visual cortices will re¬ 
spond to the colors of the cup and of 
its contents as well as to its shape and 
position. The somatosensory cortices 
will register the shape the hand as¬ 
sumes as it holds the cup, the move¬ 
ment of the hand and the arm as they 
bring the cup to the bps, the warmth of 
the coffee, and the body change some 
people call pleasure when they drink 
the stuff. The brain does not merely 
represent aspects of external reality; it 
also records how the body explores the 
world and reacts to it. 

The neural processes that describe 
the interaction between the individual 
and the object constitute a rapid se¬ 
quence of microperceptions and micro- 
actions, almost simultaneous as far as 
consciousness is concerned. They oc¬ 
cur in separate functional regions, and 
each region contains additional subdi¬ 
visions: the visual aspect of perception, 
for example, is segregated within small¬ 
er systems specialized for color, shape 
and movement. 

Where can the records that bind to¬ 
gether all these fragmented activities 
be held? We believe they are embodied 
in ensembles of neurons within the 


brain’s many "convergence" regions. At 
these sites the axons of feedforward 
projecting neurons from one part of 
the brain converge and join with recip¬ 
rocally diverging feedback projections 
from other regions. When reactivation 
within the convergence zones stimu¬ 
lates the feedback projections, many 
anatomically separate and widely dis¬ 
tributed neuron ensembles fire simulta¬ 
neously and reconstruct previous pat¬ 
terns of mental activity. 

In addition to storing information 
about experiences with objects, the 
brain also categorizes the information 
so that related events and concepts— 
shapes, colors, trajectories in space and 
time, and pertinent body movements 
and reactions—can be reactivated to¬ 
gether, Such categorizations are denot¬ 
ed by yet another record in another con¬ 
vergence zone. The essential properties 
of the entities and processes in any in¬ 
teraction are thus represented in an in¬ 
terwoven fashion. The collected knowl¬ 
edge that can be represented includes 
the fact that a coffee cup has dimen¬ 
sions and a boundary; that it is made 
of something and has parts; that if it is 
divided it no longer is a cup, unlike wa¬ 
ter, which retains its identity' no matter 
how it is divided; that it moved along 
a particular path, starting at one point 
in space and ending at another; that 
arrival at its destination produced a 
specific outcome. These aspects of neu¬ 


ral representation bear a strong resem¬ 
blance to the primitives of conceptual 
structure proposed by Ray Jackendoff 
of Brandeis University' and the cogni¬ 
tive semantic schemas hypothesized by 
George P. Lakoff of the University of 
California at Berkeley, both working 
from purely linguistic grounds. 

Activity in such a network, then, can 
serve both understanding and expres¬ 
sion, The activity in the network can re¬ 
construct knowledge so that a person 
experiences it consciously, or it can ac¬ 
tivate a system that mediates between 
concept and language, causing appro¬ 
priately correlated word-forms and syn¬ 
tactical structures to be generated. Be¬ 
cause the brain categorizes perceptions 
and actions simultaneously along many 
different dimensions, symbolic repre¬ 
sentations such as metaphor can easily 
emerge from this architecture. 

D amage to parts of the brain 
that participate in ihese neural 
patterns should produce cogni¬ 
tive defects that dearly delineate the 
categories according to which concepts 
are stored and retrieved (the damage 
that results in achromatopsia is but one 
example of many ). Elizabeth K. Warring- 
ion of the National Hospital for Nervous 
Diseases in London has studied catego¬ 
ry-related recognition defects and found 
patients who lose cognizance of certain 
classes of object. Similarly, in collabo- 



LANGUAGE ACTIVITY is visible in this positron emission tomographic (PET) scan 
of a normal individual performing a naming task. The PET image has been project¬ 
ed onto a three-dimensional magnetic resonance imaging (MRI) reconstruction of 
the same individual’s brain. There are many areas of increased activity in the left 
hemisphere, including the motor cortex and the anterior and posterior language 
sectors (arrows). The image was produced by the University of Iowa’s Department 
of Neurology, PET Facility and Image Analysis Facility. 
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WORD-FORM AND SENTENCE 
IMPLEMENTATION 


FRONTAL 

UOBE 


PARIETAL 

LOBE 


VERB 

MEDIATION 


COLOR CONCEPTS 


BRAIN SYSTEMS FOR LANGUAGE in the left hemisphere include word and sen¬ 
tence-implementation structures and mediation structures for various lexical items 
and grammar. The collections of neural structures that represent the concepts 
themselves are distributed across both right and left hemispheres in many senso¬ 
ry and motor regions. 


ration with our colleague Daniel Tranel, 
we have shown that access to concepts 
in a number of domains depends on 
particular neural systems. 

For example, one of our patients, 
known as Boswell, no longer retrieves 
concepts for any unique entity (a spe¬ 
cific person, place or event) with which 
he was previously familiar. Fie has also 
lost concepts for nonunique entities of 
particular classes. Many animals, For in¬ 
stance, are completely strange to him 
even though he retains the concept lev¬ 
el that lets him know that they are liv¬ 
ing and animate. Faced with a picture 
of a raccoon, he says, 'it is an animal," 
but he has no idea of its size, habitat or 
typical behavior. 

Curiously, when it comes to other 
classes of nonunique entities, Boswell's 
cognition is apparently unimpaired. He 
can recognize and name objects, such 
as a wrench, that are manipulable and 
have a specific action attached to them. 
He can retrieve concepts for attributes 
of entities: he knows what it means for 
an object to be beautiful or ugly. He 
can grasp the idea of states or activi¬ 
ties such as being in love, jumping or 
swimming. And he can understand ab¬ 
stract relations among entities or events 
such as "above," "under," "into,” “from," 


"before,” "after 11 or "during.” In brief, 
Boswell has an impairment of concepts 
for many entities, all of which are de¬ 
noted by nouns (common and proper). 
He has no problem whatsoever with 
concepts For attributes, states, activi¬ 
ties and relations that are linguistically 
signified by adjectives, verbs, functors 
(prepositions, conjunctions and other 
verbal connective tissue) and syntactic 
structures. Indeed, the syntax of his 
sentences is impeccable. 

L esions such as Boswell's, in the an¬ 
terior and middle regions of both 
i temporal lobes, impair the brain's 
conceptual system. Injuries to the left 
hemisphere in the vicinity’ of the sylvi¬ 
an fissure, in contrast, interfere with the 
proper formation of words and sentenc¬ 
es. This brain system is the most thor¬ 
oughly investigated of those involved 
in language. More than a century and a 
half ago Paul Broca and Carl Wernicke 
determined the rough location of these 
basic language centers and discovered 
the phenomenon known as cerebral 
dominance—in most humans language 
structures lie in the left hemisphere 
rather than the right. This disposition 
holds for roughly 99 percent of right- 
handed people and two thirds of left¬ 


handers. (The pace of research in this 
area has accelerated during the past 
two decades, thanks in large part to the 
influence of the late Norman Gesch- 
wind of Harvard Medical School and 
Harold Goodglass of the Boston Veter¬ 
ans Administration Medical Center.) 

Studies of aphasic patients (those 
who have lost part or all of their abil¬ 
ity to speak) from different language 
backgrounds highlight the constancy of 
these structures. Indeed, Edward Klima 
of the University’ of California at San 
Diego and Ursula Bellugi of the Salk 
Institute for Biological Studies in San 
Diego have discovered that damage to 
the brain's word-formation systems is 
implicated in sign-language aphasia as 
well. Deaf individuals who suffer focal 
brain damage in the left hemisphere can 
lose the ability to sign or to understand 
sign language. Because the damage in 
question is not to the visual cortex, the 
ability to see signs is not in question, 
just the ability to interpret them. 

In contrast, deaf people whose lesions 
lie in the right hemisphere, far from the 
regions responsible for word and sen¬ 
tence formation, may lose conscious 
awareness of objects on the left side of 
their visual field, or they may be unable 
to perceive correctly spatial relations 
among objects, but they do not lose the 
ability to sign or understand sign lan¬ 
guage. Thus, regardless of the sensory' 
channel through which linguistic infor¬ 
mation passes, the left hemisphere is 
the base for Linguistic implementation 
and mediation systems. 

Investigators have mapped the neural 
systems most directly involved in word 
and sentence formation by studying the 
location of lesions in aphasic patients. 
In addition, George A, Ojemann of the 
University of Washington and Ronald R 
Lesser and Barry Gordon of Johns Hop¬ 
kins University have stimulated the ex¬ 
posed cerebral cortex of patients under¬ 
going surgery for epilepsy and made di¬ 
rect electrophysiological recordings of 
the response. 

Damage in the posterior perisylvian 
sector, for example, disrupts the as¬ 
sembly of phonemes into words and 
the selection of entire w'ord-forms. Pa¬ 
tients with such damage may fail to 
speak certain words, or they may form 
words improperly floliphant” for “ele¬ 
phant"). They may, in addition, substi¬ 
tute a pronoun or a word at a more 
general taxonomic level for a missing 
one ("people” for “woman”) or use a 
word semantically related to the con¬ 
cept they intend to express (“headman” 
for "president"). Victoria A. Fromkin of 
the University of California at Los Ange¬ 
les has elucidated many of the linguis- 
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tic mechanisms underlying such errors. 
Damage to this region, however, does 
nol disrupt patients’ speech rhythms or 
the rate at which they speak. The syn¬ 
tactic structure of sentences is undis¬ 
turbed even when there are errors in 
the use of functor words such as pro¬ 
nouns and conjunctions. 

Damage to this region also impairs 
processing of speech sounds, and so 
patients have difficulty understanding 
spoken words and sentences. Auditory 
comprehension fails not because, as 
has been traditionally believed, the pos¬ 
terior perisylvian sector is a center to 
store “meanings" of words but rather 
because the normal acoustic analyses 
of the word-forms the patient hears are 
aborted at an early stage. 

The systems in this sector hold au¬ 
ditory and kinesthetic records of pho¬ 
nemes and the phoneme sequences that 
make up words. Reciprocal projections 
of neurons between the areas holding 
these records mean that activity in one 
can generate corresponding activity in 
the other, 

T hese regions connect to the mo¬ 
tor and premotor cortices, both 
directly and by means of a sub¬ 
cortical path that includes the left basal 
ganglia and nuclei in the forward por¬ 
tion of the left thalamus. This dual mo¬ 
tor route is especially important: the ac¬ 
tual production of speech sounds can 
take place under the control of either a 
cortical or a subcortical circuit, or both. 
The subcortical circuit corresponds to 
"habit learning," whereas the cortical 
route implies higher-level, more con¬ 
scious control and “associative learn¬ 
ing" [see “The Biological Basis of Learn¬ 
ing and Individuality,” by Eric R. Kan- 
del and Robert D. Hawkins, page 52 J. 

For instance, when a child learns the 
word-form "yellow," activations would 
pass through the word-formation and 
motor-control systems via both the cor¬ 
tical and subcortical routes, and activity 
in these areas would be correlated with 
the activity of the brain regions respon¬ 
sible for color concepts and mediation 
between concept and language. In time, 
we suspect, the concept-mediation sys¬ 
tem develops a direct route to the bas¬ 
al ganglia, and so the posterior perisyl¬ 
vian sector does not have to be strongly 
activated to produce the word 'Yellow,” 
Subsequent learning of the word-form 
for yellow in another language would 
again require participation of the peii- 
sylvian region to establish auditory, kin¬ 
esthetic and motor correspondences of 
phonemes. 

It is likely that both cortical "associ¬ 
ative" and subcortical “habit" systems 


operate in parallel during language pro¬ 
cessing, One system or the other pre¬ 
dominates depending on the history of 
language acquisition and the nature of 
the item. Steven Pinker of the Massa¬ 
chusetts Institute of Technology has 
suggested, for example, that most peo¬ 
ple acquire the past tense of irregular 
verbs (take, took, taken) by associative 
learning and that of regular verbs (those 
whose past tense ends in -ed) by habit 
learning. 

The anterior perisylvian sector, on 
the front side of the rolandic fissure, 
appears to contain structures that are 
responsible for speech rhythms and 
grammar. The left basal ganglia are part 
and parcel of this sector, as they are of 
the posterior perisylvian one. The en¬ 
tire sector appears to be strongly as¬ 
sociated with the cerebellum; both the 
basal ganglia and the cerebellum re¬ 
ceive projections from a wide variety of 
sensory regions in the cortex and re¬ 
turn projections to motor-related ar¬ 
eas. The role of the cerebellum in lan¬ 
guage and cognition, however, remains 
to be elucidated. 

Patients with damage in the anterior 
perisylvian sector speak in flat tones, 
with long pauses between words, and 
have defective grammar. They tend in 
particular to leave out conjunctions and 
pronouns, and grammatical order is of¬ 
ten compromised. Nouns come easier 
to patients with these lesions than do 
verbs, suggesting that other regions are 
responsible for their production. 

Patients with damage in this sector 
have difficulty understanding mean¬ 
ing that is conveyed by syntactic struc¬ 
tures, Edgar R, Zurif of Brandeis Uni¬ 
versity, Eleanor M. Saffian of Temple 
University and Myrna F. Schwartz of 
Moss Rehabilitation Hospital in Phila¬ 
delphia have shown that these patients 
do not always grasp reversible passive 
sentences such as “The boy was kissed 
by the girl,” in which boy and girl are 
equally likely to be the recipient of the 
action. Nevertheless, they can still as¬ 
sign the correct meaning to a nonre- 
versible passive sentence such as "The 
apple was eaten by the boy” or the ac¬ 
tive sentence “The boy kissed the girl,” 

The fact that damage to this sector 
impairs grammatical processing in both 
speech and understanding suggests that 
its neural systems supply the mechan¬ 
ics of component assembly at sentence 
level. The basal ganglia serve to assem¬ 
ble the components of complex motions 
into a smooth whole, and it seems rea¬ 
sonable that they might perform an 
analogous function in assembling word- 
forms into sentences. We also believe 
(based on experimental evidence of sim¬ 


ilar, although less extensive structures 
in monkeys) that these neural struc¬ 
tures are closely interconnected with 
syntactic mediation units in the fron¬ 
toparietal cortices of both hemispheres 
[see illustration on opposite pagel The 
delineation of those units is a topic of 
future research. 

B etween the brain’s concept-pro¬ 
cessing systems and those that 
generate words and sentences lie 
the mediation systems we propose. Evi¬ 
dence for this neural brokerage is be¬ 
ginning to emerge from the study of 
neurological patients. Mediation sys¬ 
tems not only select the correct words 
to express a particular concept, but they 
also direct the generation of sentence 
structures that express relations among 
concepts. 

When a person speaks, these systems 
govern those responsible for word-for¬ 
mation and syntax; when a person un¬ 
derstands speech, the w f ord-formation 
systems drive the mediation systems. 
Thus far we have begun to map the 
systems that mediate proper nouns 
and common nouns that denote enti¬ 
ties of a particular class (for example, 
visually ambiguous, nonmanipulable 
entities such as most animals). 

Consider the patients whom we will 
call A.N. and L.R., who had sustained 
damage to the anterior and midtem¬ 
poral cortices. Both can retrieve con¬ 
cepts normally: when shown pictures 
of entities or substances from virtu¬ 
ally any conceptual category—human 
faces, body parts, animals and botani¬ 
cal specimens, vehicles and buddings, 
tools and utensils—A.N, and L,R, know 
unequivocally what they are looking 
at. They can define an entity's func¬ 
tions, habitats and value. If they are giv¬ 
en sounds corresponding to those en¬ 
tities or substances (whenever a sound 
happens to be associated with them), 
A.N, and L, R. can recognize the item in 
question. They can perform this task 
even when they are blindfolded and 
asked to recognize an object placed in 
their hands. 

But despite their obvious knowledge, 
they have difficulty In retrieving the 
names for many of the objects they 
know so well. Shown a picture of a rac¬ 
coon, A.N. will say: “Oh! I know what 
it is—it is a nasty animal. It will come 
and rummage in your backyard and get 
into the garbage. The eyes and the 
rings in the tail give it away. I know it, 
but I cannot say the name." On the av¬ 
erage they come up with less than half 
of the names they ought to retrieve. 
Their conceptual systems work well, 
but A.N. and L.R. cannot reliably ac- 
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cess the word-forms that denote the 
objects they know. 

The deficit in word-form retrieval de¬ 
pends on the conceptual category of 
the item that the patients are attempt¬ 
ing to name. A.N. and L.R, make fewer 
errors for nouns that denote tools and 
utensils than for those naming ani¬ 
mals, fruits and vegetables. (This phe¬ 
nomenon has been reported in similar 
form by Warrington and her colleague 
Rosaleen A. McCarthy of the National 
Hospital for Nervous Diseases and by 
Alfonso Caramazza and his colleagues 
at Johns Hopkins University.) The pa¬ 
tients 1 ability to find names, however, 
does not split neatly at the boundary of 
naLural and man-made entities. A.N. 
and L.R. can produce the words for 
such natural stimuli as body parts per¬ 
fectly, whereas they cannot do the 
same for musical instruments, which 
are as artificial and as manipulable as 
garden tools. 

In brief, A.N. and L.R. have a problem 
with the retrieval of common nouns 
denoting certain entities regardless of 
their membership in particular concep¬ 
tual categories. There are many rea¬ 
sons why some entities might be more 
or less vulnerable to lesions than oth¬ 
ers. Of necessity, the brain uses differ¬ 
ent neural systems to represent enti¬ 
ties that differ in structure or behavior 
or entities that a person relates to in 
different ways. 

A.N. and L.R. also have trouble with 
proper nouns. With few’ exceptions, they 
cannot name friends, relatives, celebri¬ 
ties or places. Showm a picture of Mari¬ 
lyn Monroe, A.N. said, “Don’t know 7 her 
name but I know who she is; I saw 7 her 
movies; she had an affair with the pres¬ 
ident; she committed suicide; or maybe 
somebody killed her; the police, may¬ 
be?” These patients do not have what 
is known as face agnosia or prosopag¬ 
nosia—they can recognize a face with¬ 
out hesitation—but they simply cannot 
retrieve the word-form that goes with 
the person they recognize. 

Curiously, these patients have no dif¬ 
ficulty producing verbs. In experiments 
we conducted in collaboration with Tra- 
nel, these patients perform just as well 
as matched control subjects on tasks 
requiring them to generate a verb in re¬ 
sponse to more than 200 stimuli depict¬ 
ing diverse slates and actions. They are 
also adept at the production of prep¬ 
ositions, conjunctions and pronouns, 
and their sentences are well formed and 
grammatical. As they speak or write, 
they produce a narrative in which, in¬ 
stead of the missing noun, they will 
substitute words like "thing” or “stuff” 
or pronouns such as “it” or “she” or 


“they." But the verbs that animate the 
arguments of those sentences are prop¬ 
erly selected and produced and proper¬ 
ly marked with respect to tense and per¬ 
son. Their pronunciation and prosody 
(the intonation of the individual words 
and the entire sentence) are similarly 
unexceptionable. 

T he evidence that lexical media¬ 
tion systems are confined to spe¬ 
cific regions is convincing. In¬ 
deed, the neural structures that medi¬ 
ate between concepts and word-forms 
appear to be graded from back to front 
along the occipitotemporal axis of the 
brain. Mediation for many general con¬ 
cepts seems to occur at the rear, in the 
more posterior left temporal regions; 
mediation for the most specific con¬ 
cepts takes place at the front, near the 
left temporal pole. We have now seen 
many patients who have lost their prop¬ 
er nouns buL retain all or most of their 


common nouns. Their lesions are re¬ 
stricted to the left temporal pole and 
medial temporal surface of the brain, 
sparing the lateral and inferior tempo¬ 
ral lobes. The last two, in contrast, are 
always damaged in the patients with 
common noun retrieval defects. 

Patients such as A.N. and L.R., 
whose damage extends to the anterior 
and midtemporal cortices, miss many 
common nouns but still name colors 
quickly and correctly. These correlations 
between lesions and linguistic defects 
indicate that the temporal segment of 
the left Ungual gyrus supports media¬ 
tion between color concepts and col¬ 
or names, whereas mediation between 
concepts for unique persons and their 
corresponding names requires neural 
structures at the opposite end of the 
network, in Lhe left anterior temporal 
lobe, f inally, one of our more recent pa¬ 
tients, G.J., has extensive damage that 
encompasses all of these left occipito- 


Components of a Concept 

C oncepts are stored in the brain in the form of 'dormant" records. When 
these records are reactivated, they can re-create the varied sensations 
and actions associated with a particular entity or a category of entities. 
A coffee cup, for example, can evoke visual and tactile representations of its 
shape, color, texture and warmth, along with the smell and taste of the coffee 
or the path that the hand and the arm take to bring the cup from the tabie to 
the lips. All these representations are re-created in separate brain regions, but 
their reconstruction occurs fairly simultaneously. 
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temporal regions from front to back. 
He has lost access to a sweeping uni¬ 
verse of noun word-forms and is equal¬ 
ly unable to name colors or unique 
persons. And yet his concepts are pre¬ 
served. The results in these patients 
support Ojemann’s finding of impaired 
language processing after electrical 
stimulation of cortices outside the clas¬ 
sic language areas. 

It appears that we have begun to un¬ 
derstand fairly well where nouns are 
mediated, but where are the verbs? 
Clearly, if patients such as A.N. and 
L,R. can retrieve verbs and functor 
words normally, the regions required 
for those parts of speech cannot be in 
the left temporal region. Preliminary evi¬ 
dence points to frontal and parietal 
sites. Aphasia studies performed by our 
group and by Caramazza and Gabriele 
MiceU of Catholic University' of the Sa¬ 
cred Heart, Milan, and Rita Berndt of 
the University of Maryland show that 


patients with left frontal damage have 
far more trouble with verb retrieval 
than with noun retrieval. 

Additional indirect evidence comes 
from positron emission tomography 
(PET) studies conducted by Steven E. 
Petersen, Michael L Posner and Marcus 
E. Raichle of Washington University. 
They asked research subjects to gener¬ 
ate a verb corresponding to the picture 
of an object—for example, a picture of 
an apple might generate "eat.” These 
subjects activated a region of the lateral 
and inferior dorsal frontal cortex that 
corresponds roughly to the areas delin¬ 
eated in our studies. Damage to these 
regions not only compromises access to 
verbs and functors, it also disturbs the 
grammatical structure of the sentences 
that patients produce. 

Although this phenomenon may seem 
surprising at first, verbs and functors 
constitute the core of syntactic struc¬ 
ture, and so it makes sense that the 



mediation systems for syntax would 
overlap with them. Further investiga¬ 
tions, either of aphasic patients or of 
normal subjects, whose brain activity 
can be mapped by PET scans, may clar¬ 
ify the precise arrangement of these 
systems and yield maps tike those 
that we have produced to show the dif¬ 
fering locations of common and prop¬ 
er nouns. 

D uring the past two decades, 
progress in understanding the 
brain structures responsible for 
language has accelerated significantly. 
Tools such as magnetic resonance im¬ 
aging have made it possible to locate 
brain lesions accurately in patients suf¬ 
fering from aphasia and to correlate 
specific language deficits with damage 
to particular regions of the brain. And 
PET scans offer the opportunity' to study 
the brain activity of normal subjects 
engaged in linguistic tasks. 

Considering the profound complexi¬ 
ty of language phenomena, some may 
wonder whether the neural machinery 
that allows it all to happen will ever be 
understood. Many questions remain to 
be answered about how the brain stores 
concepts. Mediation systems for parts 
of speech otheT than nouns, verbs and 
functors, have been only partially ex¬ 
plored. Even the structures that form 
words and sentences, which have been 
under study since the middle of the 19th 
century', are only sketchily understood. 

Nevertheless, given the recent strides 
that have been made, we believe these 
structures will eventually be mapped 
and understood. The question is not if 
but when. 
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Working Memory and the Mind 

Anatomic and physiological studies of monkeys are locating the neural 
machinery involved in forming and updating internal representations of the 
outside world. Such representations form a cornerstone of the rational mind 

by Patricia S. Goldman-Rakic 


T he seeming simplicity of everyday life 
belies Lhe enormously complex ongoing 
operations of the mind. Even routine 
tasks such as carrying on a conversation or 
driving to work draw on a mixture of current 
sensory data and stored knowledge that has 
suddenly become relevant. The combination 
of momenMo-moment awareness and instant 
retrieval of archived information constitutes 
what is called the working memory, perhaps 
the most significant achievement of human 
mental evolution. It enables humans to plan 
for the future and to string together thoughts and ideas, 
which has prompted Marcel Just and Patricia Carpenter of 
Carnegie Mellon University to refer to working memory as 
“the blackboard of the mind." 

Until recently, the fundamental processes involved in such 
higher mental functions defied description in the mechanis¬ 
tic terms of science. Indeed, for the greater part of this cen¬ 
tury, neurobiologisis often denied that such functions were 
accessible to scientific analysis or declared that they be¬ 
longed strictly to the domain of psychology and philosophy. 
Within Lhe past two decades, however, neuroscientists have 
made great advances in understanding the relation between 
cognitive processes and the anatomic organization of the 
brain. As a consequence, even global mental attributes such 
as thought and inteniionality can now be meaningfully stud¬ 
ied in the laboratory. 

The ultimate goal of that work is extraordinarily ambi¬ 
tious, Eventually researchers such as myself hope to be able 
to analyze higher mental functions in terms of the coordi¬ 
nated activation of neurons in various structures in the 
brain. It should also he possible to identify the cells that 
mediate the activity of those structures. Such research will 
help explain the origin of mind. It may also lead to more 
complete descriptions of baffling mental disorders such as 
schizophrenia. 

For many years, insight into the operation of the brain was 
stymied by the misconception that memory' is a single entity 
that could be traced to a single structure or location. Since 
the 1950s, neuroscientists have increasingly come to appre¬ 
ciate that memory consists of multiple components con¬ 
structed around a distributed network of neurons. Accord¬ 
ing to present thinking, a form of memory' known as assoda- 


WORKING MEMORY enables a human to retrieve stored sym¬ 
bolic information, such as the bowings and fingerings of a 
memorized piece of music, and to translate that information 
into a controlled set of motor activities. Studies of similar but 
simpler information processing performed by primates is re¬ 
vealing the structure of working memory. 


tive memory acquires facts and figures and 
holds them in long-term storage. That knowl¬ 
edge is of no use, however, unless it can be ac¬ 
cessed and brought to mind in order to in¬ 
fluence current behavior. 

Working memory complements associative 
memory by providing for the short-term acti¬ 
vation and storage of symbolic information, 
as well as by permitting the manipulation of 
that information. A simple activity involving 
working memory is the carry-over operation 
in menial arithmetic, w ? hich requires tempo¬ 
rarily storing a string of numbers and holding the sum of 
one addition in mind while calculating the next. More com¬ 
plex examples include planning a chess move or construct¬ 
ing a sentence. Working memory in humans is considered 
fundamental to language comprehension, to learning and to 
reason. 

N umerous lines of evidence indicate that the opera¬ 
tions of working memory are carried out in a part of 
the brain known as the prefrontal lobes of the cere¬ 
bral cortex. (Cortex derives from the Latin word meaning 
bark; the cerebral cortex consists of an outer rind of so-called 
gray matter neurons surrounding the cerebrum.) Much of the 
evidence identifying this structure as the center for working 
memory comes from observations of the effects of injuries 
to the prefrontal part of the hemispheres. For example, pa¬ 
tients having frontal lobe damage exhibit gross deficiencies 
in how they use knowledge to guide their behavior in every¬ 
day situations. Nevertheless, they often retain a full store of 
information and may continue to score well on conventional 
tests of intelligence. 

Although most fully developed in humans, some elements 
of working memory exist in other animals, especially in oth¬ 
er primates; if their prefrontal cortices are damaged, those 
animals develop symptoms much like the ones seen in hu¬ 
mans. Neuroscientists have therefore turned to monkeys 
in their efforts to explore the nature of working memory. 
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reer to studying the neurobiology of memory and cognition. She 
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ASSOCIATIVE MEMORY TASK 



DELAY 
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RIGHT WRONG 


CUE AND 
RESPONSE 


MEMORY TASKS help to assess the workings of the mind. In the classical working 
memory" task (left), a monkey briefly views a target stimulus—in this case, a morsel 
of food* Only after a delay is the animal allowed to retrieve the food. The experi¬ 
menter randomly varies the location of the food between trials, so that each re¬ 
sponse tests only the animal's short-term retention ol visual and spatial informa¬ 
tion. An associative memory task (right), in contrast, follows a consistent pattern 
throughout. Here a plus sign always indicates the correct response. The task there¬ 
fore measures the animaTs ability to retain long-term rules* 


Such exploration has been aided by the 
design of repeatable tests of working 
memory functions. 

Working memory is being assessed 
in monkeys by means of tasks known 
as delayed-response tests, which evalu¬ 
ate an organism's ability to react to sit¬ 
uations on the basis of stored or in¬ 
ternalized representations ratheT than 


on information immediately present in 
the environment. In the prototypical de¬ 
layed-response test, an animal receives 
a brief visual or auditory stimulus that 
is then hidden or taken away. After a 
delay of several seconds, the animal is 
given a signal that tells it to respond to 
the location where the stimulus had ap¬ 
peared. If the response is correct, the 


animal receives a reward, usually food 
or juice. 

Delayed-response tests tap working 
memory’ processes because the animal 
most retain the memory of the location 
of the stimulus during the period of 
the delay. The proper response at the 
end of the delay is indicated not by ex¬ 
ternal stimuli buL by the memory of 
what the subject saw on the previous 
trial. Furthermore, the correct response 
may differ from one trial to the next, de¬ 
pending on new information presented 
to the subject in each trial. Correct re¬ 
sponses in working memory 7 tasks, as in 
human affairs, are guided by memory 
rather than by immediate sensory" infor¬ 
mation, and they depend on constant 
updating of the relevant information. 

clayed-response tests resemble 
I very closely the object-perma- 
1. J nence task, developed in the 
early part of this century by the French 
child psychologist Jean Piaget, that is 
widely used to chart the cognitive de¬ 
velopment of young children* For Ra¬ 
ged s task, a child is shown two boxes, 
one of which contains a toy. The boxes 
are then closed. After a brief wait, dur¬ 
ing which the child is purposely dis¬ 
tracted, the child is asked to pick which 
box contains the toy* Once the child 
gives several consecutive correct re¬ 
sponses, the toy is switched into the 
other box while the child watches. The 
experimenter then continues the test to 
find out whether the child will change 
his or her response in accord with the 
updated information. 

A series of studies has demonstrated 
that performance on the object-perma¬ 
nence task, like the ability" to conduct 
delayed-response activities, depends on 
the degree of maturity of the subject’s 
prefrontal cortex. Human infants less 
than about eight months old (whose cor¬ 
tices have not yet acquired adult cir¬ 
cuitry') perform poorly on these tasks, 
as do monkeys whose prefrontal re¬ 
gions have been surgically ablated. In 
both cases, the subjects’ responses are 
guided by habit and by reflex rather 
than by representational principles. In¬ 
fants and brain-injured monkeys tend 
to repeat the response that previously 
was reinforced (for example, choosing 
the box on the right even after they have 
seen that the toy was transferred to the 
box on the left) rather than change their 
response to agree with newly presented 
information. Both humans and monkeys 
act as if “out of sight” is “out of mind.” 

Such behavior Implies that the mech¬ 
anism for guiding behavior by repre¬ 
sentational knowledge is destroyed in 
monkeys having prefrontal lesions and 
not yet developed in human infants, in 
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support of that notion, I, along with 
Jean-Pierre Bourgeois and Pasko Rakic, 
also at Yale University, have examined 
the rate at which neural connections 
form in the prefrontal cortices of juve¬ 
nile monkeys. 

The time of most rapid synapse for¬ 
mation in the animals 1 prefrontal region 
occurs when the animals are roughly 
two to four months old, the same age at 
which the monkeys acquire the capaci¬ 
ty' to perform delayed-response tasks. 
The concept that an object exists con¬ 
tinuously in space and time even when 
out of view and, more generally, the 
ability to form abstract concepts may 
depend on a fundamental capacity to 
store representations of the outside 
world and to respond to those repre¬ 
sentations even when the real objects 
are not present. 

The studies described above raised 
the enticing possibility' of identifying 
more precisely the brain structures as¬ 
sociated with delayed-response activi¬ 
ties and representational memory'. Much 
of the progress toward that goal has 
derived from experiments that monitor 
electrical activity in single neurons in 
monkeys' prefrontal cortices while the 
animals perform tasks that depend on 
specific delayed-response skills. 


Joaquin M. Fustcr of the University’ of 
California at Los Angeles, along with Ki- 
sou Kubota and Hiroaki Niki of the Kyo¬ 
to Primate Center in Japan, performed 
the first experiments of how individual 
neurons behave in the prefrontal cortex. 
The researchers introduced fine elec¬ 
trodes into the prefrontal cortices of 
monkeys trained to perform simple de¬ 
layed-response tasks and then recorded 
the animals' neuronal activity in relation 
to the events in the task. Those studies 
revealed a range of responses among 
the neurons in the prefrontal cortex. 
Some cells showed heightened electri¬ 
cal activity' when information was pre¬ 
sented, whereas others became active 
during the delay period, when the ani¬ 
mals were remembering the informa¬ 
tion, A third set of neurons responded 
most strongly when the animals began 
their motor response. 

At Yale, Shintaro Funahashi, Charles J. 
Bruce and 1 have used the single-neuron 
technique in conjunction with a delayed- 
response experiment that tests spatial 
memory 7 . For our experiment, a monkey 
is trained to fix its gaze on a small spot 
in the center of a television screen. A vi¬ 
sual stimulus, typically a small square, 
appears briefly in one of eight locations 
on the screen and then vanishes. At Lhe 


end of a delay of three to six seconds, 
the central light, or fixation spot, switch¬ 
es off, instructing the animal to move its 
eyes to the location where the stimulus 
was seen before the delay. If the re¬ 
sponse is correct, the animal is reward¬ 
ed with a sip of grape juice. Because the 
animal's gaze is locked onto the fixation 
spot, each stimulus activates a specify 
set of retinal cells. Those cells, in turn, 
trigger only a certain subset of the vi¬ 
sual pathways in the brain. 

Using the eye-movement experiment, 
we have demonstrated that certain neu¬ 
rons in the prefrontal cortex possess 
what we call “memory 7 fields”: when a 
particular target disappears from view 7 , 
an individual prefrontal neuron switch¬ 
es into an active state, producing elec¬ 
trical signals at more than twice the 
baseline rate. The neuron remains acti¬ 
vated until the end of the delay peri¬ 
od, when the animal delivers its re¬ 
sponse. A given neuron appears always 
to code the same visual location. For 
example, some neurons lire only if the 
stimulus appears at the nine o'clock 
position on the television screen: the 
cell does not respond to visual stimuli 
that appear elsewhere in the monkey's 
visual held. Other neurons code for oth¬ 
er target locations in working memory. 



DELAYED-RESPONSE TASK has been used to study working 
memory in monkeys. While a monkey fixes its gaze on a cen¬ 
tral spot, a target flashes on the screen (left), then vanishes. 
During a delay of several seconds, the monkey keeps a mem¬ 
ory of the spot 41 in mind” (center). When the central spot turns 


off, the animal moves its eyes to look where the target ap¬ 
peared (tight). Measurements of electrical activity show that 
certain neurons in the prefrontal cortex react to the appear¬ 
ance of the target, others hold the memory of it in mind and 
still others fire in preparation for a motor response. 
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NEURONAL CIRCUITRY connects the 
prefrontal cortex to the sensory, limbic 
and motor systems in a monkey brain 
(top). Anatomic studies show that neu¬ 
ral projections from the parietal lobe to 
the prefrontal cortex exhibit a modular 
pattern, as seen in this frontal cross sec¬ 
tion (middle). Radioactive tracers reveal 
the metabolic activity in a frontal cross 
section of the brain of a monkey per¬ 
forming a delayed-response task (bot¬ 
tom). The distribution of activity close¬ 
ly conforms to the anatomic links. 


The neurons capable of retaining the 
visual and spatial coordinates of a stim¬ 
ulus (in other words, of keeping its loca¬ 
tion “in mind” after it vanishes) appear 
to be organized together within a spe¬ 
cific area of the prefrontal cortex. These 
neurons collectively form the core of the 
spatial working memory system. If the 
activity of one or more of these neurons 
falters during the delay period—if the 
animal is distracted, for example—the 
animal will probably make an error. 

T he activation of prefrontal neu¬ 
rons during the delay period of a 
delayed-response task depends 
neither on the presence of an external 
stimulus nor on the execution of a re¬ 
sponse. Rather the neural activity corre¬ 
sponds to a mental event interposed 
between the stimulus and the response. 
Monkeys whose prefrontal cortices have 
been damaged have no difficulty in 
moving their eyes to a visible target or 
in reaching for a desired object, but they 
cannot direct those motor responses by 
remembering targets and objects that 
are no longer in evidence. 

Because the prefrontal cortex func¬ 
tions as an intermediary between mem¬ 
ory and action, one can imagine that 
damage to the prefrontal cortex could 
spare knowledge about the outside 
world yet destroy the organism’s ability' 
to bring that stored knowledge to mind 
and to utilize it. Indeed, monkeys whose 
prefrontal cortices have been damaged, 
as well as many humans with similar 
injuries, exhibit no difficulty learning 
sensory-discrimination tasks. All forms 
of associative, or long-term, learning 
are preserved as long as the subject 
can still find the familiar environmen¬ 
tal stimuli associated with certain con¬ 
sequences and expectations |see “The 
Biological Basis of Learning and Indi¬ 
viduality,” by Eric R. Kandel and Robert 
D. Hawkins, page 52], 

Over the past decade, improved tech¬ 
niques for investigating the anatomy of 
the brain have provided for the first 
time an accurate and detailed picture 
of how the prefrontal cortex connects 
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with major sensory and motor control 
centers. Various researchers have found 
that the part of the cortex near the 
principal sulcus, a large groove in the 
prefrontal cortex, is critical for the vi¬ 
sual and spatial working memory func¬ 
tions. I have focused my research on 
this particular region in the belief that 
an in-depth neurobiological analysis of 
one major subdivision of ihe prefrontal 
cortex could serve as a starting point 
for analysis of the other subdivisions 
of the brain and help lead the way to 
development of a unified theory of the 
function of the entire prefrontal cortex. 

Studies of direct and indirect neuro¬ 
nal linkages in Lhe brain reveal that the 


prefrontal cortex is part of an elaborate 
network of reciprocal connections be¬ 
tween the principal sulcus and the ma¬ 
jor sensory, limbic and premotor areas 
of the cerebral cortex. That particular 
network seems to be dedicated to spa¬ 
tial information processing. The net¬ 
work’s structure probably follows the 
same basic plan as do other similarly 
organized networks that draw' on mul¬ 
tiple parts of the brain and are dedicat¬ 
ed to other cognitive functions—object 
recognition, language production and 
comprehension, and mathematical rea¬ 
soning, for example. 

As previously noted, delay-response 
experiments demonstrate that neurons 
in the principal sulcus are sensitive to 
the specific location of visual stimuli. 
Those neurons must therefore have ac¬ 
cess to visual and spatial information 
originating elsewhere in the brain. The 
principal sulcus does in fact receive sig¬ 
nals from the posterior parietal cortex, 
where the brain processes spatial vi¬ 
sion. Clinical studies have documented 
that damage to the parietal cortex in 
humans causes spatial neglect, a loss of 
aw^areness of the body and its relation 
to objects in the outside world. 

Given thai working memory depends 
on accessing and bringing to mind in¬ 
formation that is stored in long-term 
memory, one might presume that the 
principal sulcus also interacts with the 
hippocampus, the neuronal structure 
that controls associative, or learned, 
memory'. Researchers have used radio¬ 
active amino acids to trace direct con¬ 
nections between the principal sulcus 
and the hippocampus. 

My colleague Harriet Friedman, also 
at Yale, and I have used a remarkable 
technique known as autoradiography 
to measure brain metabolism. Our work 
shows that the hippocampus and the 
principal sulcal areas of the cortex are 
often simultaneously active during de¬ 
layed-response tests. My co-workers and 
I think that the primary role of the hip¬ 
pocampus is to consolidate new as¬ 
sociations, whereas the prefrontal cor¬ 
tex is necessary' for retrieving the prod¬ 
ucts of such associative learning (facts, 
events, rules) from long-term storage 
elsewhere in the brain for use in the 
task at hand, 

A particularly useful version of auto¬ 
radiography, called the 2-deoxyglucose 
method, has made it possible to ob¬ 
serve directly which parts of the brain 
are activiated during specific tasks. In 
this technique, developed by Louis Sok- 
oloff of the National Institute of Men¬ 
tal Health, animals are injected with the 
compound 2-deoxyghicose, a molecule 
that appears chemically identical to glu¬ 
cose, the sugar that cells consume to 
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provide energy. The more active a cell 
is, the more 2-deoxyglucose it takes in. 
Unlike normal glucose, however, 2-de- 
oxyglucose cannot be broken down by 
metabolic activity , so it accumulates in 
the cell. Sokoloff uses a radioactive ver¬ 
sion of the compound. The concentra¬ 
tion of radioactivity' in each pan of the 
brain is therefore directly proportional 
to how active the cells there have been. 

For our studies, a monkey trained to 
perform the delayed-response tasks re¬ 
ceives an intravenous injection of ra¬ 
dioactive 2-deoxyglucose. Immediately 
after completing the task, the animal is 
sacrificed and its brain is dissected into 
thin slices that are placed on photo¬ 
graphic him. Radioactivity darkens the 
film, so each exposure serves as a snap¬ 
shot of the activity' of the cells in one 
particular slice of the brain. 

My colleagues and I have found that 
the prefrontal cortex, as well as many of 
the areas with which it is connected (for 
example, the hippocampus, the bottom 
portion of the parietal cortex and the 
thalamus), exhibits a high level of meta¬ 
bolic activity during delayed-response 
performance. The same areas are no¬ 
tably less active when the monkey per¬ 
forms associative memory tasks that 
do not depend on short-term, rapid up¬ 
dating of information. 

T hese results confirm anatomic 
studies of the connections be¬ 
tween the prefrontal cortex and 
other parts of the brain. More signifi¬ 
cantly, they also reveal the degree to 
which various parts of the brain are en¬ 
gaged in certain discrete memory' 
tasks* The studies also hint at how the 
prefrontal cortex organizes the many 
different kinds of information that 
must flood through it. In fact, patterns 
of brain activity’ appear distinctly differ- 
eni depending on whether the task calls 
up memories of location or of at¬ 
tributes of objects. 

I think the prefrontal cortex is divid¬ 
ed into multiple memory’ domains, each 
specialized for encoding a different kind 
of information, such as the location 
of objects, the features of objects (col¬ 
or, size and shape) and additionally, 
in humans, semantic and mathematical 
knowledge. Recently Fraser Wilson and 
James Skeily in my laboratory at Yale 
have begun to define an area below 
the principal sulcus in monkeys where 
neurons respond preferentially to com¬ 
plex attributes of objects rather than to 
their locations. They have found neu¬ 
rons there that increase their rate of 
firing when a monkey is remembering 
a red circle but not when calling up a 
memory' of a green square, for example. 
Noninvasive imaging techniques are 


increasingly being used to monitor ac¬ 
tivation patterns in the human brain 
and to identify' which neurons are en¬ 
gaged during specific mental tasks. One, 
known as positron emission tomogra¬ 
phy (PET), resembles autoradiography 
in that the subject takes in a radioac¬ 
tive compound that exposes changes 
in blood flow to a given region of the 
brain, indirectly displaying that region's 
degree of metabolic activity. Another 
way to record human brain activity is 
to measure the changing electrical po¬ 
tentials on the scalp in response to 
controlled sensory stimulation, a pro¬ 
cedure called electroencephalography 
(EEG). Neither PET scans nor EEGs can 
provide anything dose to the resolution 
possible in 2-deoxyglucose studies in 
animals, but they are invaluable tools 
for monitoring the human brain during 
menial activity. 

A series of PET studies at Hammer¬ 
smith Hospital in London and at Wash¬ 
ington University' examined subjects 
performing tasks that required them to 
keep a mental record of recently pre¬ 
sented lists of words* Another PET ex¬ 
periment by the Washington University' 
group required subjects to generate an 
appropriate verb to accompany a noun 
flashed in front of them on a card. The 
partidpants in all three tests displayed 
heightened neuronal activity’ in the pre¬ 
frontal cortex while performing their 
tasks, all of which engaged working 
memory 7 . 

In a complementaTy study', Robert 
T. Knight of the University' of Califor¬ 
nia at Davis looked at EEGs of patients 
whose frontal lobes were injured. He 


asked them to perform tasks that de¬ 
pended on comparing current auditory 
stimuli with recently presented ones in 
order to detect whether they are the 
same or different. Frontal lobe patients 
displayed patterns of electrical activity 
quite unlike those of healthy subjects 
performing the same task, suggesting 
that the patients do not store recent in¬ 
formation in memory 7 the same w r ay as 
do normal people. 

In one study, subjects w r ere exposed 
to steady patterns of low and high 
tones and occasional, unexpected audi¬ 
tory stimuli Healthy people developed 
positive electrical poteitials on their 
cortices within one third of a second of 
hearing the anomalous sound. Patients 
who had lesions in their prefrontal 
cortices showed no such response, al¬ 
though they reacted normally to the fa¬ 
miliar background tones. These data 
are consistent with the notion that the 
prefrontal cortex temporarily stores in¬ 
formation against which current stim¬ 
uli are judged. 

The ultimate function of the neurons 
in the prefrontal cortex is to excite or in¬ 
hibit activity In other parts of the brain. 
In this w'ay, information processed in 
the principal sulcus can direct neurons 
in the motor centers that in turn car¬ 
ry' out movements of the eyes, mouth, 
hands and other parts of the body. 
Whole-brain studies tell only pari of 
the story 7 ; to understand the details of 
how signals pass to and from the pre¬ 
frontal cortex, one must scrutinize the 
brain on a cellular scale. 

When viewed through a conventional 
microscope, the cerebral cortex appears 



PYRAMIDAL NEURON (left) in the prefrontal cortex is thought to modulate signals 
to and from the prefrontal cortex. Each such neuron is covered with thousands of 
spines, bulblike projections where synaptic connections occur. Synapses have differ¬ 
ent morphologies depending on whether they are excitatory or inhibitory (right). 
The dopamine-containing connections in the cortex are of the inhibitory type. 
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ELABORATE FLOW OF NEURAL SIGNALS is involved In producing a memory-guid¬ 
ed eye movement. A neuron in the fifth layer of the prefrontal cerebral cortex trans¬ 
mits signals along a chain of neurons in the striatum, the substantia nigra and the su¬ 
perior colliculus, where they trigger motor response in the eyes. Impulses from the 
substantia nigra travel to the mediodorsal thalamus and back to the cortex, indicat¬ 
ing the completion of the motor response and signaling the prefrontal neuron to re¬ 
turn to a baseline level of activity. The graphs show the electrical activity of the neu¬ 
rons; inverted triangles indicate the nearly instantaneous travel of the signals. 


to be divided into six layers of vary¬ 
ing cellular composition and density. 
Cells in each layer form their own set 
of connections within the brain. One 
class of cell, which resides in the fifth 
layer of the cortex, projects to areas be¬ 
yond the cortex, including the caudate 
nucleus and putamen (which regulate a 
variety of motor activities) and the su¬ 
perior colliculus (which specifically pro¬ 
cesses visual motor functions). Neurons 
in the sixth layer of the cerebral cor¬ 
tex project into the thalamus, through 
which sensory' inputs from the brain's 
periphery travel to reach the cortex. 

T he prefrontal cortex probably can¬ 
not independently trigger motor 
responses. Nevertheless, it may 
Tegulate motor behavior by initiating, 
programming, facilitating and cancel¬ 
ing commands to brain structures that 
are more immediately involved in di¬ 
recting muscular movement. Such com¬ 
mands are transmitted via an elaborate 
set of chemical pathways in the brain. 
Neuroscientists and biochemists around 
the world have been racing to learn 
more about these chemicals and how 
they regulate the operation of the brain. 

A number of researchers studying 
rodent brains, including .Anne Marie 
Thierry and Jacques Glowinski of the 
College of France in Paris, Brigitte Ber¬ 
ger of Pitie Salp^triere Hospital, also in 
Paris, and Tomas Hokfelt of the Karo- 
linska Institute in Sweden, along with 
many colleagues, find that the prefron¬ 
tal cortex abounds in catecholamines, 
a family of compounds that prepare 
the body for a stressful situation. Those 
compounds also act as neurolransmit- 
ters, substances that transmit neuronal 
impulses in the brain. My co-workers 
and I have discovered a similar abun¬ 
dance of catecholamines in the prefron¬ 
tal cortices of nonhuman primates. One 
of the most familiar catecholamines, 
dopamine, regulates how neurons react 
to stimuli and seems to play a central 
role in schizophrenia, 

A growing body of evidence suggests 
that dopamine is one of the most im¬ 
portant of the chemicals that regulate 
cell activity associated with working 
memory. An imbalance in the abun¬ 
dance of dopamine in the prefrontal 
cortex can induce deficits in the work¬ 
ing memory similar to those resulting 
from lesions in the principal sulcus 
region of the prefrontal cortex. For ex¬ 
ample, aged monkeys whose prefrontal 
cortices are deficient in dopamine and 
norepinephrine (a chemical relative of 
adrenaline) perform poorly in delayed- 
response tests. Injecting the aged ani¬ 
mals with the deficient neurotransmit¬ 
ters restored their memory function 
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so that they tested roughly as well as 
younger, healthy monkeys. 

Many of my colleagues and 1 are striv¬ 
ing to learn which cells respond to 
dopamine and how they affect working 
memory'. Within the past several years, 
we have collected evidence showing that 
neurons in certain layers of the cere¬ 
bral cortex contain a great abundance 
of Dj receptors, one of the chemical 
sites where dopamine hinds to a celL In¬ 
terestingly, the neurons that are rich in 
D 1 receptors are those that project to 
the thalamus, the brain structure that 
relays information to the cortex. 

Csaba Leranth, John Smiley and F. 
Mark Williams of Yale are examining 
the cellular structures that enable dopa¬ 
mine to modulate responses to senso¬ 
ry inputs in the cerebral cortex. The re 
searchers use an antibody developed by 
Michel Geffard of the Institute of Cellu¬ 
lar Biochemistry and of Neurochemistry 
of the National Center of Scientific Re¬ 
search in Bordeaux, France, to label the 
neurons and their axonal projections 
that contain dopamine. They then scru¬ 
tinize those cells under an electron mi¬ 
croscope, The team looked in particular 
at the points of contact between dopa¬ 
mine-releasing cells and the neuronal 
spines, small protuberances where the 
cells receive incoming signals. Spines 
are discrete sites where calcium ions 
can enter and activate cellular mecha¬ 
nisms involving information processing 
and modulation of neuronal responses. 

In most cases, the dopamine-releasing 
cells make symmetric contact with the 
spines—that is, the cell projections on 
either side of the synaptic cleft show 
roughly the same density* Such symmet¬ 
ric contacts are thought to have an in¬ 
hibitory effect: when the postsynaptic 
site is activated, the cell's normal, spon¬ 
taneous electrical activity' is dampened. 
A large proportion of the spines of pyr¬ 
amidal cells—the major class of neuron 
that projects out of the cortex—receive 
asymmetric contacts from the axons of 
another cell whose point of origin has 
not yet been identified but which is 
thought to carry signals from other 
cortical areas. Those asymmetric con¬ 
tacts probably have an opposite, excita¬ 
tory effect. 

Pyramidal cells receive the major sen¬ 
sory or informational signals arriving 
at the cerebral cortex. The network of 
excitatory and inhibitory synapses, or 
connections, noted by the Yale group 
provides a mechanism by which dopa¬ 
mine could alter the way that various 
classes of pyramidal neurons respond 
to integrate such signals across thou¬ 
sands of spines hi their dendrites. In 
this way, dopamine may regulate the 
overall output of the cortex. Further 


analysis of the physical and chemical 
interactions between pyramidal cells 
and other neurons in the cerebral cor¬ 
tex should clarify how dopamine and 
other neurotransmitters influence cog¬ 
nition by stimulating or repressing the 
cellular responses of cortical neurons, 

I nvestigations of the workings of 
the prefrontal cortex are revealing 
not only how the mind operates 
but also what goes wrong when it mal¬ 
functions. Medical researchers have im¬ 
plicated dysfunction of the prefrontal 
cortex as the cause of many neurolog¬ 
ical and psychiatric disorders, includ¬ 
ing Parkinson's disease and especial¬ 
ly schizophrenia. The abnormal mental 
attributes associated with schizophre¬ 
nia strongly resemble those caused by 
physical damage to the prefrontal cor¬ 
tex: thought disorders* reduced atten¬ 
tion span, inappropriate or flattened 
emotional responses and lack of initia¬ 
tive, plans and goals. Schizophrenic pa¬ 
tients, like frontal lobe patients and 
monkeys afflicted with prefrontal lobe 
lesions, retain a normal ability to per¬ 
form routine procedures or habits but 
exhibit fragmented, disorganized behav¬ 
ior when attempting to perform tasks 
involving symbolic or verbal informa¬ 
tion [see “Major Disorders of Mind and 
Brain, 1 ’ by Elliot S. Gershon and Ronald 
0. Ricder, page 881, 

Schizophrenic patients taking tests 
such as the Wisconsin Card Sort test 
tend to repeat a previous response 
even when it is dear that it is no long¬ 
er the correct one; normal subjects, in 
contrast, shift hypotheses much soon¬ 
er after making an error. Schizophrenic 
individuals are also severely impaired 
both on spatial delayed-response tasks 
and on a variety of tests of problem 
solving, abstraction and planning. 

Studies of cerebral blood flow by 
David H. Ingvar of University Hospital 
in Lund, Sweden, and by Daniel R. 
Weinberger, Karen F. Berman and oth¬ 
ers at the National Institute of Men¬ 
tal Health, as well as measurements 
of local cerebral metabolism made by 
Monte S. Buchsbaum of the University 
of California at Irvine, show that schizo¬ 
phrenic patients have below-average 
blood flow into their prefrontal cortic¬ 
es, indicative of a depressed level of ac¬ 
tivity in that part of the brain. Schizo¬ 
phrenic subjects often suffer from im¬ 
paired ability' to move their eyes to track 
and project the forward trajectories of 
moving targets, further evidence that 
the disorder involv es malfunctions in a 
posterior part of Lhe prefrontal cortex, 
where the eye-movement centers in¬ 
volved in predictive tracking are located. 
Sohee Park and Philip S. Holzman of 


Harvard University have shown that 
schizophrenic subjects exhibit impaired 
performance on working memory tasks 
much like those my colleagues and I 
have used to study working memory 
in rhesus monkeys. Conversely, Martha 
MacAvoy and Bruce of Yale have dem¬ 
onstrated that monkeys with lesions in 
the relevant portions of the prefrontal 
cortex exhibit the same type of predic¬ 
tive tracking disorder that has long been 
considered a marker of schizophrenia 
in humans. 

Perhaps researchers should begin to 
think of schizophrenia as a breakdown 
in the processes by w'hich representa¬ 
tional knowledge governs behavior. In 
my view, neural pathways in the pre¬ 
frontal cortex update inner models of 
reality' to reflect changing environmen¬ 
tal demands and incoming information. 
Those pathways guide short-term mem¬ 
ory' and moment-to-moment behavior. 
If they fail, the brain views the world 
as a series of disconnected events, like 
a slide show, rather than as a continu¬ 
ous sequence, like a movie. The result 
is schizophrenic behavior, excessively 
dominated by immediate stimulation 
rather than by a balance of current, in¬ 
ternal and past information. 

At present, theories describing the 
fundamental causes of schizophrenia 
are inadequate, much as knowledge of 
the functioning of the working memory 
system remains frustratingly sketchy. 
Fortunately, neurobiological research 
has been advancing at a breathless pace 
in the past few years. Such research 
should lead to a greater understanding 
not only of schizophrenia but of the 
prefrontal cortex and how it shapes 
short-term memory and the broader 
working of the rational mind. 
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Sex Differences in the Brain 

Cognitive variations between the sexes reflect differing hormonal 
influences on brain development. Understanding these differences 
and their causes can yield insights into brain organization 

by Doreen Kimura 


W omen and men differ not only in 
physical attributes and reproductive 
function but also in the way in which 
they solve intellectual problems. It has been 
fashionable to insist that these differences 
are minimal, the consequence of variations 
in experience during development. The bulk 
of the evidence suggests, however, that the ef¬ 
fects of sex hormones on brain organization 
occur so early in life that from the start the 
environment is acting on differently wired 
brains in girls and boys. Such differences 
make it almost impossible to evaluate the effects of experi¬ 
ence independent of physiological predisposition. 

Behavioral, neurological and endoerinologic studies have 
elucidated the processes giving rise to sex differences in the 
brain. As a result, aspects of the physiological basis for these 
variations have in recent years become clearer. In addition* 
studies of the effects of hormones on brain function through¬ 
out life suggest that the evolutionary pressures directing dif¬ 
ferences nevertheless allow for a degree of flexibility in cog¬ 
nitive ability between the sexes. 

M ajor sex differences in intellectual function seem to 
lie in patterns of ability' rather than in overall level of 
intelligence (IQ). We are ail aware that people have 
different intellectual strengths. Some are especially good with 
words, others at using objects—for instance, at constructing 
or fixing things. In the same fashion, two individuals may 
have the same overall intelligence but have varying patterns 
of ability. 

Men, on average, perform better than women on certain 
spatial tasks. In particular, men have an advantage in tests 
that require the subject to imagine rotating an object or ma¬ 
nipulating it in some other w r ay. They outperform women in 
mathematical reasoning tests and in navigating their way 
through a route. Further, men are more accurate in tests of 
target-directed motor skills—that is, in guiding or intercept¬ 
ing projectiles. 

Women tend to be better than men at rapidly identifying 
matching items, a skill called perceptual speed. They have 


ROUTES in a landscape such as the one in this painting, The 
Old Oaken Bucket, by Grandma Moses (1860-1961), may be 
learned differently by women and men. In laboratory experi¬ 
ments, researchers have Found that women tend to remem¬ 
ber landmarks—such as the well at the lower right or a tree 
at an intersection. Men appear to learn routes faster, but they 
cannot recall landmarks as readily: they may rely preferen¬ 
tially on spatial cues such as distance and direction. 


greater verbal fluency, including the ability to 
find words that begin with a specific letter or 
fulfill some other constraint. Women also out¬ 
perform men in arithmetic calculation and in 
recalling landmarks from a route. Moreover, 
women are faster at certain precision manual 
tasks, such as placing pegs in designated 
holes on a board. 

Although some investigators have reported 
that sex diff erences in problem solving do not 
appear until after puberty, Diane Lunn* work¬ 
ing in my laboratory at the University of West¬ 
ern Ontario, and I have found three-year-old boys to be better 
at targeting than girls of the same age. Moreover, Neil V. 
Watson, when in my laboratory', showed that the extent of ex¬ 
perience playing sports does not account for the sex differ¬ 
ence in targeting found in young adults. Kimberly A. Kerns, 
working with Sheri A. Berenbaum of the University of Chica¬ 
go, has found that sex differences in spatial rotation perfor¬ 
mance are present before puberty. 

Differences in route learning have been systematically stud¬ 
ied in adults in laboratory situations. For instance, Liisa Galea 
in my department studied undergraduates who Followed a 
route on a tabletop map. Men learned the route in fewer trials 
and made fewer errors than did women. But once learning 
was complete, women remembered more of the landmarks 
than did men. These results, and those of other researchers, 
raise the possibility that women tend to use landmarks as a 
strategy to orient themselves in everyday life. Ihe prevailing 
strategies used by males have not yet been clearly established, 
although they must relate to spatial ability. 

Marion Eals and Irwin Silverman of York University stud¬ 
ied another function that may be related to landmark memo¬ 
ry. The researchers tested the ability of individuals to recall 
objects and their locations within a confined space—such as 
in a room or on a tabletop. Women were better able to re¬ 
member whether an item had been displaced or not. In addi¬ 
tion, in my laboratory, we measured the accuracy of object 
location: subjects were shown an array of objects and were 
later asked to replace them in their exact positions. Women 
did so more accurately than did men. 


DOREEN KIMURA studies the neural and hormonal basis of 
human intellectual function. She is professor of psychology and 
honorary lecturer in the department of clinical neurological sci¬ 
ences at the University of Western Ontario in London. Kimura, a 
fellow of the Royal Society of Canada* received the 1992 John 
Dewan Award for outstanding research from the Ontario Mental 
Health Foundation. She recently finished a book on neuromotor 
mechanisms in communication. 
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Problem-Solving Tasks 
Favoring Women 

Women tend to perform better 
than men on tests of perceptual 
speed, in which subjects must 
rapidly identify matching items- 
for example, pairing the house 
on the far left with its twin: 



In addition, women remember 
whether an object, or a series 
of objects, has been displaced: 



On some tests of ideational 
fluency, for example, those in 
which subjects must list objects 
that are the same color, and on 
tests of verbal fluency, in which 
participants must list words that 
begin with the same letter, 
women also outperform men: 



Limp, Livery, Love, Laser, 


Liquid, Low, Like, Lag, Live 


Lug r Light, Lift, Liver, Lime, 


Leg, Load, Lap, Lucid ... 


Women do better on precision 
manual tasks-that is, those in¬ 
volving fine-motor coordina¬ 
tion-such as placing the pegs in 
holes on a board: 




And women do better than men 
on mathematical calculation tests: 

77 

43 

14*3-17 +52 

2 (15+ 3)+ 12— Ip 


It is important to place the differenc¬ 
es described above in context: some are 
slight, some are quite large. Because 
men and women overlap enormously on 
many cognitive tests that show average 
sex differences, researchers use varia¬ 
tions within each group as a tool to 
gauge the differences between groups. 


Imagine, for instance, thait on one test 
the average score is 105 for women and 
100 for men. If the scores for women 
ranged from 100 to 1.10 and for men 
from 95 to 105, the difference would 
be more impressive than if the wom¬ 
en's scores ranged from 50 to 150 and 
the men's from 45 lo 145. In the latter 
case, the overlap in scores would be 
much greater* 

One measure of the variation of 
scores within a group Is the standard 
deviation. To compare the magnitude of 
a sex difference across several distinct 
tasks, the difference between groups is 
divided by the standard deviation. The 
resulting number is called the effect 
size. Effect sizes below 0.5 are generally 
considered small. Based on my data, for 
instance, there are typically no differ¬ 
ences between the sexes on tests of vo¬ 
cabulary (effect size 0.02), nonverbal rea¬ 
soning (0,03) and verbal reasoning (0.17). 

On tests in which subjects match pic¬ 
tures, find words that begin with simi¬ 
lar letters or show ideational fluency- 
such as naming objects that are white 
or red—the effect sizes are somewhat 
larger: 0.25, 0.22 and 0.38, respective¬ 
ly, As discussed above, women tend to 
outperform men on these tasks. Re¬ 
searchers have reported the largest ef¬ 
fect sizes for certain tests measuring 
spatial rotation (effect size 0.7) and tar¬ 
geting accuracy (0.75). The large effect 
size in these tests means there are 
many more men at the high end of the 
score distribution. 

S ince, with the exception of the sex 
chromosomes, men and women 
share genetic material, how do 
such differences come about? Differing 
patterns of ability between men and 
women most probably reflect different 
hormonal influences on their develop¬ 
ing brains. Early in life the action of es¬ 
trogens and androgens (male hormones 
chief of which is testosterone) establish¬ 
es sexual differentiation. In mammals, 
including humans, the organism has 
the potential to be male or female. If 
a Y chromosome is present, testes or 
male gonads form. This development is 
the critical firsL step toward becoming a 
male. If the gonads do not produce male 
hormones or if for some reason the hor¬ 
mones cannot act on the tissue, the de¬ 
fault form of the organism is female. 

Once testes are Formed, they produce 
two substances dial bring about the 
development of a male. Testosterone 
causes masculinization by promoting 
the male, or Wolffian, set of ducts and, 
indirectly Lhraugh conversion to dihy- 
d rotes to sterone, the external appear¬ 
ance of scrotum and perils. The Mulle¬ 


rian regression factor causes the female, 
or Mtillerian, set of ducts to regTess, If 
anything goes wrong at any stage of the 
process, Lhe individual may be incom¬ 
pletely masculinized. 

Not only do sex hormones achieve 
the transformation of the genitals into 
male organs, but they also organize 
corresponding male behaviors early in 
life. Since we cannot manipulate the 
hormonal environment in humans, w ? e 
owe much of what we know about the 
details of behavioral determination to 
studies in other animals. Again, the in¬ 
trinsic tendency, according to studies by 
Robert W. Goy of the University of Wis¬ 
consin, is to develop the female pattern 
that occurs in die absence of masculin¬ 
izing hormonal influence. 

If a rodent with functional maLe geni¬ 
tals is deprived of androgens immedi¬ 
ately after birth (either by castration or 
by the administration of a compound 
that blocks androgens), male sexual be¬ 
havior, such as mounting, will be re¬ 
duced. Instead female sexual behavior, 
such as lordosis (arching of the back), 
will be enhanced in adulthood. Similarly, 
if androgens are administered to a fe¬ 
male directly after birth, she displays 
more male sexual behavior and less fe¬ 
male behavior in adulthood. 

Bruce S. Me Ewe n and his co-work¬ 
ers at the Rockefeller University have 
shown that, in the rat, lhe two processes 
of defeminization and masculinization 
require somewhat different biochem¬ 
ical changes. These events also occur 
at somewhat different times. Testoster¬ 
one can be converted to either estrogen 
(usually considered a female hormone) 
or dihydrotestosterone, Defeminization 
takes place primarily after birth in rats 
and is mediated by estrogen, whereas 
masculinization involves both dihydro¬ 
testosterone and estrogen and occurs 
for the most part before birth rather 
dian after, according lo studies by Mc- 
Ewem A substance called alpha-fetopro¬ 
tein may protect female brains from the 
masculinizing effects of their estrogen. 

The area in the brain that organizes 
female and male reproductive behavior 
is the hypothalamus. This tiny structure 
at the base of the brain connects to the 
pituitary, the master endocrine gland. 
Roger A. Gorski and his colleagues at 
the University of California at Los An¬ 
geles have shown that a region of the 
pre-optic area of the hypothalamus is 
visibly larger in male rats than in fe¬ 
males. The size increment in males is 
promoted by the presence of androgens 
in the immediate postnatal, and to some 
extent prenatal, period. Laura S. .Allen 
in Gorski's laboratory has found a sim¬ 
ilar sex difference in the human brain. 
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Other preliminary but intriguing stud¬ 
ies suggest that sexual behavior may 
reflect further anatomic differences, in 
1991 Simon LeVay of the Salk Institute 
for Biological Studies in San Diego re¬ 
ported that one of the brain regions 
that is usually larger in human males 
than in females—an interstitial nucleus 
of the anterior hypothalamus—is small¬ 
er in homosexual than in heterosexual 
men. LeVay points out that this finding 
supports suggestions that sexual pref¬ 
erence has a biological substrate. 

Homosexual and heterosexual men 
may also perform differently on cog¬ 
nitive tests. Brian A. Gladue of North 
Dakota State University and Geoff D. 
Sanders of City of London Polytechnic 
report that homosexual men perform 
less well on several spatial tasks than 
do heterosexual men. In a recent study 
in my laboratory, Jeff Hall found that 
homosexual men had lower scores on 
targeting tasks than did heterosexual 
men' however, they were superior in 
ideational fluency—listing things that 
were a particular color. 

This exciting field of research is just 
starting, and it is crucial that investiga¬ 
tors consider the degree to which differ¬ 
ences in life-style contribute to group 
differences. One should also keep in 
mind that results concerning group dif¬ 
ferences constitute a general statistical 
statement; they establish a mean from 
which any individual may differ. Such 
studies are potentially a rich source of 
information on the physiological basis 
for cognitive patterns. 

T he lifelong effects of early expo¬ 
sure to sex hormones are charac¬ 
terized as organizational, because 
they appear to alter brain function per¬ 
manently during a critical period. Ad¬ 
ministering the same hormones at later 
stages has no such effect. The hormonal 
effects are not limited to sexual or re¬ 
productive behaviors: they appear to 
extend to all known behaviors in which 
males and females differ. They seem to 
govern problem solving, aggression and 
the tendency to engage in rough-and- 
tumble play—the boisterous body con¬ 
tact that young males of some mam¬ 
malian species display. For example, 
Michael J. Meaney of McGill University' 
finds that dihydro testosterone, working 
through a structure called the amygdala 
rather than through the hypothalamus, 
gives rise to the play-fighting behavior 
of juvenile male rodents. 

Male and female rats have also been 
found to solve problems differently. 
Christina L. Williams of Barnard Col¬ 
lege has shown that female rats have 
a greater tendency to use landmarks 


in spatial learning tasks—as it appears 
women do. In Williams’s experiment, 
female rats used landmark cues, such 
as pictures on the wall, in preference to 
geometric cues, such as angles and the 
shape of the room. If no landmarks 
were available, however, females used 
geometric cues. In contrast, males did 
not use landmarks at all, preferring ge¬ 
ometric cues almost exclusively. 

Interestingly, hormonal manipulation 
during the critical period can alter these 
behaviors. Depriving newborn males of 
testosterone by castrating them or ad¬ 
ministering estrogen to newborn fe¬ 
males results in a complete reversal of 
sex-typed behaviors in the adult ani¬ 
mals. (As mentioned above, estrogen 
can have a masculinizing effect during 
brain development.) Treated females be¬ 
have like males, and treated males be¬ 
have like females. 

Natural selection for reproductive 
advantage could account for the evo¬ 
lution of such navigational differenc¬ 
es. Steven J. C. Gaulin and Randall W. 
FitzGerald of the University of Pitts¬ 
burgh have suggested that in species of 
voles in which a male mates with sev¬ 
eral females rather than with just one, 
the range he must traverse is great¬ 
er. Therefore, navigational ability seems 
critical to reproductive success. Indeed, 
Gaulin and FitzGerald found sex differ¬ 
ences in laboratory maze learning only 
in voles that were polygynous, such as 
the meadow vole, not in monogamous 
species, such as the prairie vole. 

Again, behavioral differences may 
parallel structural ones. Lucia F. Jacobs 
in Gaul in's laboratory has discovered 
that the hippocampus—a region thought 
to be involved in spatial learning in 
both birds and mammals—is larger in 
male polygynous voles than in females. 
At present, there are no data on possi¬ 
ble sex differences in hippocampal size 
in human subjects. 

Evidence of the influence of sex hor¬ 
mones on adult behavior is less direct 
in humans than in other animals. Re¬ 
searchers are instead guided by what 
may be parallels in other species and 
by spontaneously occurring exceptions 
to the norm in humans. 

One of the most compelling areas of 
evidence comes from studies of girls ex¬ 
posed to excess androgens in the pre¬ 
natal or neonatal stage. The production 
of abnormally large quantities of adre¬ 
nal androgens can occur because of a 
genetic defect called congenital adrenal 
hyperplasia (CAH), Before the 1970s, 
a similar condition also unexpectedly 
appeared when pregnant women took 
various synthetic steroids. .Although the 
consequent masculinization of the geni- 


Problem-Solving Tasks 
Favoring Men 

Men tend to perform better than 
women on certain spatial tasks. 
They do well on tests that in¬ 
volve mentally rotating an object 
or manipulating it in some 
fashion, such as imagining turn¬ 
ing this three-dimensional object 






Men also are more accurate 
than women in target-directed 
motor skills, such as guiding or 
intercepting projectiles: 



They do better on disembed- 
ding tests, in which they have 
to find a simple shape, such as 
the one on the left, once it is 
hidden within a more complex 
figure: 


4 


» 
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1,100 

If only 60 percent of seed- 
ings will survive, how many 
must be planted to obtain 

660 trees? 


or determining where the holes [ 
punched in a folded piece of 
paper will fall when the paper 
is unfolded; 


tals can be corrected early in life and 
drug therapy can stop the overproduc¬ 
tion of androgens, effects of prenatal ex¬ 
posure on the brain cannot be reversed. 

Studies by researchers such as Anke 
A. Ehrhardt of Columbia University and 
June M. Reinisch of the Kinsey Institute 
have found that girls with excess expo- 
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tional Institute on Aging, and Beren- 
baum and their colleagues reported that 
affected girls were superior to their un¬ 
affected sisters in a spatial manipula¬ 
tion test, two spatial rotation tests and 
a disembcdding test—that is, the discov¬ 
ery of a simple figure hidden within a 
more complex one. All these tasks are 
usually done better by males. No differ¬ 
ences existed between the two groups 
on other perceptual or verbal tasks or 
on a reasoning task. 


MATHEMATICAL REASONING 
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PERCEPTUAL SPEED 



TESTOSTERONE LEVELS can affect performance on some tests (see boxes on pages 
82 and 83 for examples of tests). Women with high levels of testosterone perform 
better on a spatial task ( fop) than do women with low levels; men with low levels 
outperform men with high levels. On a mathematical reasoning test (middle), low 
testosterone corresponds to better performance in men; in women there is no such 
relation. On a test in which women usually excel (fcofrom), no relation is found be¬ 
tween testosterone and performance. 


sure to androgens grow up to be more 
tomboyish and aggressive lhan l heir 
unaffected sisters. This conclusion was 
based sometimes on interviews with 
subjects and mothers, on teachers' rat¬ 
ings and on questionnaires adminis¬ 
tered to the girls themselves. When rat¬ 
ings are used in such studies, it can be 
difficult to rule out the influence of ex¬ 
pectation cither on the part of an adult 
who knows the girls' history 7 or on the 
part of the girls themselves. 

Therefore, the objective observations 
of Berenbaum are important and con¬ 
vincing, She and Melissa Hines of the 
University of California at Los Angeles 
observed the play behavior of CAH-af- 
fected girls and compared it with that of 
their male and female siblings. Given a 


choice of transportation and construc¬ 
tion toys, dolls and kitchen supplies or 
books and board games, the CAH girls 
preferred the more typically masculine 
toys—for example, they played with cars 
for the same amount of time that nor¬ 
mal boys did. Both the CAH girls and the 
boys differed from unaffected girls in 
their patterns of choice. Because there is 
every reason to think that parents would 
be at least as likely to encourage femi¬ 
nine preferences in their CAH daughters 
as in their unaffected daughters, these 
findings suggest that the toy preferenc¬ 
es were actually al tered in some way by 
the early hormonal environment. 

Spatial abilities that are typically bet¬ 
ter in males are also enhanced in CAH 
girls. Susan M. Resnick, now at the Na- 


S tudies such as these suggest that 
the higher the androgen levels, the 
beLter the spatial performance. 
But this does not seem to be the case. In 
1983 Valerie J. Shute, when at the Uni¬ 
versity of California at Santa Barbara, 
suggested that the relation between lev¬ 
els of androgens and some spatial capa¬ 
bilities might be nonlinear, tn other 
words, spatial ability might not increase 
as the amount of androgen increases. 
Shute measured androgens in blood tak¬ 
en from male and female students and 
divided each into high- and low-andro- 
gen groups. A1J fell within the normal 
range for each sex (androgens are pres¬ 
ent in females but in very low levels). 
She found that in women, the high-an¬ 
drogen subjects were better at the spa¬ 
tial tests. In men the reverse was true: 
low-androgen men performed better. 

Catherine Gouchie and 1 recently 
conducted a study along similar lines 
by measuring testosterone in saliva. We 
added tests for two other kinds of abil¬ 
ities: mathematical reasoning and per¬ 
ceptual speed. Our results on the spa¬ 
tial tests were very similar to Shute’s: 
low-testosterone men were superior to 
high-testosterone men, but high-testos¬ 
terone women surpassed low-testoster¬ 
one women. Such findings suggest some 
optimum level of androgen for maxi¬ 
mal spatial ability 7 . This level may fall in 
the low male range. 

No correlation w r as found between 
testosterone levels and performance on 
perceptual speed tests. On mathemati¬ 
cal reasoning, however, the results w r ere 
similar to those of spatial ability tests 
for men: low-androgen men tested high¬ 
er, bul there was no obvious relation in 
women. 

Such findings are consistent with the 
suggestion by Camilla P. Ben bow of 
Iowa State University that high math¬ 
ematical ability has a significant bio¬ 
logical determinant. Benbow r and her 
colleagues have reported consistent sex 
differences in mathematical reasoning 
ability' favoring males. T hese differences 
are especially sharp at the upper end of 
the distribution, where males outnum¬ 
ber females 13 to one. Benbow argues 
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that these differences are not readily 
explained by socialization. 

It is important to keep in mind that 
the relation between natural hormonal 
levels and problem solving is based on 
correlational data. Some form of con¬ 
nection between the two measures ex¬ 
ists, but how this association is deter¬ 
mined or what its causal basis may be is 
unknown. Little is currently understood 
about the relation between adult lev¬ 
els of hormones and those in early life, 
when abilities appear to be organized 
in the nervous system. We have a lot to 
learn about the precise mechanisms un¬ 
derlying cognitive patterns in people. 

Another approach to probing differ¬ 
ences between male and female brains 
is to examine and compare the func¬ 
tions of particular brain systems. One 
noninvasive way to accomplish this goal 
Ls to study people who have experienced 
damage to a specific brain region. Such 
studies indicate that the left half of 
the brain in most people is critical for 
speech, the right for certain perceptual 
and spatial functions. 


It is widely assumed by many re¬ 
searchers studying sex differences that 
the two hemispheres are more asym¬ 
metrically organized for speech and 
spatial functions in men than in wom¬ 
en This idea comes from several sourc¬ 
es. Parts of the corpus callosum, a ma¬ 
jor neural system connecting the two 
hemispheres, may be more extensive 
in women; perceptual techniques that 
probe brain asymmetry in normal-func¬ 
tioning people sometimes show small¬ 
er asymmetries in women than in men, 
and damage to one brain hemisphere 
sometimes has a lesser effect in women 
than the comparable injury lias in men. 

In 1982 Marie-Christine de Lacoste, 
now at the Yale University School of 
Medicine, and Ralph L. Holloway of Co¬ 
lumbia University reported that the back 
part of the corpus callosum, an area 
called the splenium, was larger in wom¬ 
en than in men. This finding has sub¬ 
sequently been both refuted and con¬ 
firmed. Variations in the shape of the 
corpus callosum that may occur as an in¬ 
dividual ages as well as different meth¬ 


ods of measurement may produce some 
of the disagreements. Most recently, Al¬ 
len and Gorski found the same sex-re¬ 
lated size difference in the splenium. 

The interest in the corpus callosum 
arises from the assumption that its size 
may indicate the number of fibers con¬ 
necting the two hemispheres. If more 
connecting fibers existed in one sex, the 
implication would be that in that sex the 
hemispheres communicate more fully. 
.Although sex hormones can alter callo¬ 
sal size in rats, as Victor H, Denenberg 
and his associates at the University of 
Connecticut have demonstrated, it is un¬ 
clear whether the actual number of fi¬ 
bers differs between the sexes. More¬ 
over, sex differences in cognitive func¬ 
tion have yet to be related to a difference 
in callosal size. New ways of imaging the 
brain in living humans will undoubted¬ 
ly increase knowledge in this respect. 

The view that a male brain is function¬ 
ally more asymmetric than a female 
brain is long-standing. Albert M. Gala- 
burda of Beth Israel Hospital in Boston 
and the late Norman Geschwind of Har- 
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HEMISPHERIC DAMAGE 


HEMISPHERIC DAMAGE 


RIGHT HEMISPHERIC DAMAGE affects spatial ability to the 
same degree in both sexes (graphs at bottom), suggesting 
that women and men rely equally on that hemisphere for cer¬ 
tain spatial tasks. In one test of spatial rotation performance 


(left), a series of drawings of a gloved right or left hand must 
be matched to a right- or left-handed glove. In a second test 
(right), photographs of a three-dimensional object must be 
matched to one of two mirror images of the same object. 
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vard Medical School proposed that an¬ 
drogens increased the functional pa¬ 
tency of the right hemisphere. In 1981 
Marian C Diamond of the University of 
California at Berkeley found that the 
right cortex is thicker than the Left in 
male rats but not in females. Jane Stew¬ 
art of Concordia University in Montre¬ 
al, working with Bryan E. Kolb of the 
University of Lethbridge in Alberta, re¬ 
cently pinpointed early hormonal influ¬ 
ences on this asymmetry: androgens ap¬ 
pear to suppress left cortex growth. 

Last year de Lacoste and her col¬ 
leagues reported a similar pattern in hu¬ 
man fetuses. They found the right cor¬ 
tex was thicker than the left in males. 
Thus, there appear to be some anatomic 
reasons for believing that the two hemi¬ 
spheres might not be equally asymmet¬ 
ric in men and women. 

Despite this expectation, the evidence 
in favor of it is meager and conflicting, 
which suggests that the most striking 
sex differences in brain organization 
may not be related to asymmetry. For 
example, if overall differences between 
men and women in spatial ability were 
related to differing right hemispheric 
dependence for such functions, then 
damage to the right hemisphere would 
perhaps have a more devastating effect 
on spatial performance in men. 

My laboratory has recently studied 
the ability of patients with damage to 
one hemisphere of the brain to rotate 
certain objects mentally. In one test, a 
series of line drawings of either a left 
or a right gloved hand is presented in 
various orientations. The patient indi¬ 
cates the hand being depicted by simply 
pointing to one of two stuffed gloves 
that are constantly present. 

The second test uses two three-di¬ 
mensional blocklike figures that are 
mirror images of one another. Both 
figures are present throughout the test. 
The patient is given a series of photo¬ 
graphs of these objects in various ori¬ 
entations, and he or she must place 
each picture in front of the object it de¬ 
picts. (These nonverbal procedures are 
employed so that patients with speech 
disorders can be tested.) 

As expected, damage to the right 
hemisphere resulted in lower scores for 
both sexes on these tests than did dam¬ 
age to the left hemisphere. Also as antic¬ 
ipated, women did less well than men 
on the block spatial rotation test. Sur¬ 
prisingly, however, damage to the right 
hemisphere had no greater effect in men 
than in women. Women w^ere at least as 
affected as men by damage to the right 
hemisphere. This result suggests that 
the normal differences between men 
and w r onien on such rotational tests are 


not the result of differential dependence 
on the right hemisphere. Some other 
brain systems must be mediating the 
higher performance by men. 

Parallel suggestions of greater asym¬ 
metry in men regarding speech have 
rested on the fact that the incidence of 
aphasias, or speech disorders, are high¬ 
er in men than in women after damage 
to the left hemisphere. Therefore, some 
researchers have Found it reasonable to 
conclude that speech must be more bi¬ 
laterally organized in women. There is, 
however, a problem with this conclu¬ 
sion. During my 20 years of experience 
with patients, aphasia has not been dis¬ 
proportionately present in women with 
right hemispheric damage. 

I n searching for an explanation, I dis¬ 
covered another striking difference 
between men and women in brain 
organization for speech and related 
motor function. Women are more likely 
than men to suffer aphasia when the 
front part of the brain is damaged. Be¬ 
cause restricted damage within a hemi¬ 
sphere more frequently affects the pos¬ 
terior than the anterior area in both 
men and women, this differential de¬ 
pendence may explain why women in¬ 
cur aphasia less often than do men. 
Speech functions are thus less likely 
to be affected in women not because 
speech is more bilaterally organized in 
women but because the critical area is 
less often affected. 

A similar pattern emerges in stud¬ 
ies of the control of hand movements, 
which are programmed by the left hemi¬ 
sphere. Apraxia, or difficulty in selecting 
appropriate hand movements, is very 


APHASIAS, or speech disorders, occur 
most often in women when damage is 
to the front of the brain. In men, they oc¬ 
cur more frequently when damage is in 
the posterior region. The data presented 
above derive from one set of patients. 


common after left hemispheric dam¬ 
age, it is also strongly associated with 
difficulty in organizing speech. In fact, 
the critical functions that depend on the 
left hemisphere may relate not to lan¬ 
guage per se but to organization of the 
complex oral and manual movements 
on which human communication sys¬ 
tems depend. Studies of patients with 
left hemispheric damage have revealed 
that such motor selection relies on an¬ 
terior systems in women but on poste¬ 
rior systems in men. 

The synaptic proximity of women's 
anterior motor selection system (or 
l< praxis system") to the motor cortex di¬ 
rectly behind ii may enhance fine-mo¬ 
tor skills. In contrast, men’s motor skills 
appear to emphasize targeting or direct¬ 
ing movements toward external space- 
some distance away from the self. There 
may be advantages to such motor skills 
when they are closely meshed with vi¬ 
sual input to the brain, which lies in 
the posterior region. 

Women's dependence on the anteri¬ 
or region is detectable even when tests 
involve using visual guidance—for in¬ 
stance, when subjects must build pat¬ 
terns with blocks by following a visual 
model. In studying such a complex task, 
it is possible to compare the effects of 
damage to the anterior and posterior re¬ 
gions of both hemispheres because per- 
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APRAXIA, or difficulty in selecting hand 
movements, is associated with frontal 
damage to the left hemisphere in wom¬ 
en and with posterior damage in men, St 
is also associated with difficulties in or¬ 
ganizing speech. 


formance is affected by damage to ei¬ 
ther hemisphere. Again, women prove 
more affected by damage to the anteri¬ 
or region of the right hemisphere than 
by posterior damage. Men tend to dis¬ 
play the reverse pattern. 

Although I have not found evidence 
of sex differences in functional brain 
asymmetry with regard to basic speech, 
motor selection or spatial rotation abil¬ 
ity, lhave found slight differences in 
more abstract verbal tasks. Scores on 
a vocabulary test, for instance, were af¬ 
fected by damage to either hemisphere 
in women, but such scores were affect¬ 
ed only by left-sided injury in men. 
This finding suggests that in reviewing 
the meanings of words, women use the 
hemispheres more equally than do men. 

In contrast, the incidence of non¬ 
right-handedness, which is presumably 
related to lesser left hemispheric depen¬ 
dence, is higher in men than in women. 
Even among right-handers, Marion An- 
nett, now at the University of Leicester 
In the U.K., has reported that women 
are more right-handed than men—that 
is, they favor their right hand even more 
than do right-handed men. It may well 
be, then, that sex differences in asym¬ 
metry' vary with the particular function 
being studied and that it is not always 
the same sex that is more asymmetric. 

Taken altogether, the evidence sug¬ 


gests that men's and women's brains 
are organized along different lines from 
very early in life. During development, 
sex hormones direct such differentia¬ 
tion. Similar mechanisms probably op¬ 
erate to produce variation within sex¬ 
es, since there is a relation between lev¬ 
els of certain hormones and cognitive 
makeup in adulthood. 

O ne of the most intriguing find¬ 
ings is that cognitive patterns 
may remain sensitive to hor¬ 
monal fluctuations throughout Me. Eliz¬ 
abeth Hampson of the University of 
Western Ontario showed that the per¬ 
formance of women on certain tasks 
changed throughout the menstrual cyde 
as levels of estrogen went up or down. 
High levels of the hormone were associ¬ 
ated not only with relatively depressed 
spatial ability but also with enhanced 
articulatory and motor capability. 

In addition, I have observed season¬ 
al fluctuations in spatial ability in men. 
Their performance is improved in the 
spring when testosterone levels are low¬ 
er. Whether these intellectual fluctua¬ 
tions are of any adaptive significance 
or merely represent ripples on a stable 
baseline remains to be determined. 

To understand human intellectual 
functions, including how groups may 
differ in such functions, we need to look 
beyond the demands of modem life. We 
did not undergo natural selection for 
reading or for operating computers. It 
seems dear that the sex differences in 
cognitive patterns arose because they 
proved evohitionarily advantageous. 
And their adaptive significance proba¬ 
bly rests in the distant past. The orga¬ 


nization of the human brain was deter¬ 
mined over many generations by natu¬ 
ral sdectiom As studies of fossil skulls 
have shown, our brains are essentially 
like those of our ancestors of 50,000 or 
more years ago. 

For the thousands of years during 
which our brain characteristics evolved, 
humans lived in relatively small groups 
of hunter-gatherers. The division of La¬ 
bor between the sexes in such a soci¬ 
ety' probably was quite marked, as it 
is in existing hunter-gatherer societies. 
Men were responsible for hunting large 
game, which often required long-dis¬ 
tance travel. They were also responsible 
for defending the group against preda¬ 
tors and enemies and for the shaping 
and use of weapons. Women most prob¬ 
ably gathered food near the camp, tend¬ 
ed the home, prepared food and cloth¬ 
ing and cared for children. 

Such specializations would put dif¬ 
ferent selection pressures on men and 
women. Men would require Long-dis¬ 
tance route-finding ability so they could 
recognize a geographic array from vary¬ 
ing orientations. They would also need 
targeting skills. Women would require 
short-range navigation, perhaps using 
landmarks, fine-motor capabilities car¬ 
ried on within a circumscribed space, 
and perceptual discrimination sensitive 
to small changes in the environment or 
in children's appearance or behavior. 

The finding of consistent and, in some 
cases, quite substantial sex differences 
suggests that men and women may have 
different occupational interests and ca¬ 
pabilities, independent of societal influ¬ 
ences. I would not expect, for example, 
that men and women would necessar¬ 
ily be equally represented in activities 
or professions that emphasize spatial 
or math skills, such as engineering or 
physics. But I might expect more women 
in medical diagnostic fields where per¬ 
ceptual skills are important. So that even 
though any one individual might have 
the capacity to be in a "nontypicaT field, 
the sex proportions as a whole may vary. 
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Major Disorders 
of Mind and Brain 

Schizophrenia and manic-depressive illness are shaped 
by heredity and marked by structural and biochemical changes 
in the brain. The predisposing genes remain unknown 

by Elliot S* Gershon and Ronald O. Rieder 


M adness was understood for centuries 
by religion and poetry as an afflic¬ 
tion of the spirit and by medicine as 
a disorder of various humors and organs of 
the body. In the past century, physicians have 
recognized the most common forms of psy¬ 
chosis (our current word for madness) as 
two chronic disorders—schizophrenia and 
mania—and have begun to understand the 
abnormalities in brain structure and function 
that accompany them. Each affects about 1 
percent of the population. Both flare episodi¬ 
cally, although schizophrenia follows a deteriorating course, 
whereas patients with bipolar manic-depressive illness, who 
have episodes of mania and depression, are usually mentally 
norma! between episodes. 

The anatomic, biochemical and hereditary bases of these 
disorders are now emerging. Some research has already 
shaped the development of new treatments. These subjects 
form the focus of our article. First, however, it is useful to 
consider what these disorders are like for the people who 
have them. 

When Mrs, T. was 16 years old, she began to experience 
her first symptom of schizophrenia: a profound feeling that 
people were staring at her. These bouts of self-conscious- 
ness soon forced her to end her public piano performances. 
Her self-consciousness led to withdrawal, then to fearful 
delusions that others were speaking of her and finally to sus¬ 
picions that they were plotting to harm her. At first Mrs. T.'s 
illness was intermittent, and the return of her intelligence, 
warmth and ambition between episodes allowed her to com¬ 
plete several years of college, to marry and to rear three chil¬ 
dren. She had to enter a hospital for the first time at 28, after 
the birth of her third child, when she began to hallucinate. 

Now, at 45, Mrs. T. is never entirely well. She has seen di¬ 
nosaurs on the street and live animals in her refrigerator. 
While hallucinating, she speaks and writes in an incoherent, 
but almost poetic, way. At other times, she is more ludd, but 
even then her voices sometimes lead her to do dangerous 
things, such as driving very fast down the highway in the 
middle of the night, dressed only in a nightgown. As an epi¬ 
sode winds down, Mrs. T. usually becomes deeply depressed 
and hopeless about her condition. Often she sits in her car 


HALLUCINATORY SELF-PORTRAIT exemplifies the visual cre¬ 
ativity that schizophrenia sometimes induces' it also conveys 
the pain and perceptional distortions of this illness. 


with the engine running and contemplates 
committing suicide. 

Over the past five years she has taken an¬ 
tipsychotic medications, such as haloperidol, 
that suppress the hallucinations and help her 
stay out of the hospital. Stress, however, can 
bring the hallucinations and delusions back 
for days or weeks, as happened after her re¬ 
cent separation from her husband and the 
subsequent sale of her home. At such times, 
her voices shout terrible criticisms. After her 
daughter left for college, they shouted, "You’ll 
never see her again, you have been a bad mother, she’ll die.” 
At other times and without any apparent stimulus, Mrs. T. 
has bizarre visual hallucinations. For example, she saw cher¬ 
ubs in the grocery store. These experiences leave her preoc¬ 
cupied, confused and frightened, unable to perform such ev¬ 
eryday tasks as cooking or playing the piano. When feeling 
well, however, she does volunteer work at church. 

T he mood disorders, which are distinct from schizo¬ 
phrenia, are called unipolar when the patient has 
episodes of depression alone and bipolar when there 
are episodes of both mania and depression, (The term “man¬ 
ic-depressive illness” encompasses both the unipolar and 
the bipolar form; the term "bipolar” is also used for the rare 
cases in which mania occurs without depression.) The de¬ 
pressions are quite severe, and suicide is an all too frequent 
outcome. Mania, a state of excitement usually characterized 
by impulsive behavior, can, when untreated, ultimately ruin 
marriages, careers and fortunes. 

Mania can develop suddenly and shockingly, as illustrated 
in a case cited by a group led by Robert L. Spitzer of Co¬ 
lumbia University, Daryl, a 2 5-year-old dancer, was cast in a 
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STRUCTURAL CHANCES appear in the shrunken hippocampus ( yellow ) and en¬ 
larged, fluid-filled ventricles ( gray) of the brain of a schizophrenic patient (fop), as 
contrasted with that of a normal volunteer (hoffom). These three-dimensional MRI 
reconstructions were made by Nancy C. Andreasen of the University of Iowa. 


part for a Broadway show. He began 
to come home at the end of rehearsal 
making disparaging remarks about the 
sessions and the director. A week later 
a fellow performer called Daryl's wife 
to complain that her husband had been 
trying to take over the rehearsals, giv¬ 
ing unsolicited advice to the director 
and the other performers. At this point, 
his wife realized that Daryl's usually 


easygoing demeanor had turned tense 
and irritable. He began making nasty 
comments about his wife's figure and 
their recent sex life. Three days later he 
began shouting obscenities at other 
performers and was ejected from the 
theater. Al home, he talked “a mile a 
minute" and paced incessantly, dressed 
only in his underwear. He felt no need 
to eat or sleep. The next day he skipped 


work to make a number of extravagant 
purchases. 

At this time, two weeks after he had 
displayed his first symptoms* Daryl ac¬ 
cepted hospitalization. He received one 
dose of a tranquilizer yet spent most 
of the night disrupting the ward. Then 
he signed out, against medical advice, 
in the morning. EventuaUy he respond¬ 
ed well to lithium carbonate. Daryl’s fa¬ 
ther has had a similar but more pro¬ 
longed history, losing many jobs over 
20 years after episodes of excited con¬ 
frontations with his bosses. Over the 
past five years, however, he too has re¬ 
sponded well to lithium. 

Although schizophrenia and manic- 
depression can devastate patients' lives, 
the disorders do not predude the perfor¬ 
mance of highly creative work. Schizo¬ 
phrenic patients confined in institutions 
have occasionally produced extraordi¬ 
nary works of graphic art [see illustra- 
tion on page 8SJ. Manic-depressive ill¬ 
ness often occurs in conjunction with 
extraordinary talent, even genius, in pol¬ 
itics and military leadership, as well as 
in literature and music and the other 
performing arts. Among those thought 
to have had the disorder are William 
Blake, Lord Byron, Virginia Woolf, Rob¬ 
ert Schumann, Oliver Cromwell and 
Winston Churchill. Many observers have 
suggested that extremes of mood and 
changes in outlook may spur creativity; 
they also speculate that the energy’ and 
facility' of thought that typify the mild¬ 
er stages of mania can be a source of 
creativity. 

1 1 ven though schizophrenia and se- 

IH vere mood disorders manifest 

1 4 themselves as intangible mental 
experiences, they are biologically de¬ 
termined to a major degree. (Only a 
few of the biological discoveries can be 
discussed in this brief article.) The first 
evidence of determinants came early 
in this century, when genetic studies 
showed that both schizophrenia and 
manic-depressive illness ran in fami¬ 
lies. Most workers discounted these cor¬ 
relations, however, on the grounds that 
families share environment as well as 
genes. To consider the two factors in 
isolation, researchers turned to adopt¬ 
ees, who, once adopted, have environ¬ 
mental families that are different from 
their genetic families. 

In the best-known study, begun in 
the 1960s, Seymour S. Kety and his 
colleagues at the National Institute of 
Mental Health and at a psychologi¬ 
cal institute in Scandinavia identified 
schizophrenics adopted in infancy and 
traced their biological relatives through 
the adoption register. The study indi¬ 
cated that biological relatives had an 
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increased risk of developing the illness¬ 
es but adoptive relatives did not. The 
control group—biological relatives of 
nonpsychotic adoptees—faced no ex¬ 
cess risk of schizophrenia or of any 
mental illness resembling it. 

Twin studies are also revealing be¬ 
cause differem types of twins vary wide¬ 
ly in their genetic rclatcdness, When 
schizophrenia or bipolar disease devel¬ 
ops in one twin, the chance that it will 
develop in the other is much greater in 
identical twins, who share all their genes, 
than in fraternal twins, who share only 
about half. Moreover, although about 
half of the identical twins of schizo¬ 
phrenics never develop the illness, the 
children of even the well twins are at 
increased risk. These correlations im¬ 
ply two things. The risk of Illness rises 
with increasing genetic similarity, but 
even a perfect identity of genes does 
not produce a perfect correspondence. 
Some environmental factor, or inter¬ 
action of genes with the environment, 
must therefore push susceptible peo¬ 
ple over the threshold of illness. Stud¬ 
ies have already implicated one possi¬ 
ble factor: prenatal exposure to the in¬ 
fluenza virus. 

Mood disorders also stem from the 
interaction of genes with some aspect 
of the environment. Rates of major de¬ 
pression in every age group have steadi¬ 
ly increased in several of the developed 
countries since the 1940s. This trend 
was first spotted some 10 years ago 
in an epidemiological study in Sweden. 
A similar increase in suicide over the 
same four decades occurred in Alber¬ 
ta, Canada. These findings have been 
firmly established as birth-cohort ef¬ 
fects: suicide rates among 15- to 19- 
year-olds, for instance, were 10 times 
higher for those bom in the late 1950s 
than for Lhose born in the early 1930s. 
Similar birth-cohort increases appeared, 
over these decades, in suicide and uni¬ 
polar disorder in the U.S., in bipolar dis¬ 
order in the US. and Switzerland, and in 
alcoholism in males in the U.S, [see illus¬ 
tration on page 93]. 

Rates of depression, mania and sui¬ 
cide continue to rise as each new birth 
cohort ages, a pattern that harbors omi¬ 
nous public health consequences. Such 
birth-cohort effects are even more pro¬ 
nounced in the relatives of patients 
than in the general population—in oth¬ 
er words, at comparable ages, the chil¬ 
dren of patients are far more suscepti¬ 
ble to these disorders than are their ill 
parents' siblings. This relation clearly 
implies an interaction between genes 
and some environmental factor, which 
must have been changing continuously 
over ihe past few decades. The factor 
remains a mystery. 


The biological abnormalities that 
genes and environment somehow put 
into motion w^ere quite mysterious un¬ 
til the 1970s, when new imaging tech¬ 
nologies allowed physicians to visual¬ 
ize the living bTain in great detail. 

One imaging technique, computerized 
tomography (CT scanning), was first ap¬ 
plied to the brains of schizophrenic pa¬ 
tients in 1978 by Eve C Johnstone and 
her colleagues at the Clinical Research 
Centre in Middlesex, England. They ob¬ 
served that the lateral cerebral ventri¬ 
cles were much larger than in normal 
subjects. If the ventricles or the spaces 
between convolutions are enlarged, one 
can conclude there has been a failure 
of development or a loss of brain tis¬ 
sue. Other x-ray evidence confirmed this 
conclusion by showing less tissue and 
more fluid-filled spaces around the con¬ 
volutions in the cerebral cortex. 

A nother technique, magnetic res- 

/ V onance imaging (MRI), con- 
XX firmed the ventricular enlarge¬ 
ment. Daniel R. Weinberger's group at 
the National Institute of Mental Health 
used MRI to compare identical twins in 
which one twin had schizophrenia and 
the other did not. In 12 of 15 sets of 
such twins, the schizophrenic one had 
the larger cerebral ventricles. Relative 
diminution of specific brain structures 
has been demonstrated, too, in autop¬ 
sies and by MRI scans of schizophrenic 
patients. The most striking examples 
of such diminution appear in the hip¬ 
pocampal region, part of the limbic 
system in the temporal lobe of the 
cerebrum, which modulates emotional 
response, memory and other functions 
[see illustration on opposite page |. 

The new imaging devices also showed 
functional abnormalities for the first 
time. In 1974 David H. Ingvar of Uni¬ 
versity Hospital in Lund, Sweden, found 
reduced blood flow in the frontal cere¬ 
brum of schizophrenic patients, imply¬ 
ing decreased neuronal activity there. 
This finding has since been corroborat¬ 
ed many times [see illustration at right 1. 

Weinberger's group presents evi¬ 
dence linking both structural and func¬ 
tional abnormalities in the brain to 
a schizophrenic cognitive trait. They 
found that normal subjects show in¬ 
creased blood flow in the prefrontal 
cerebral cortex while taking the Wiscon¬ 
sin Card Sort, a test of working memory 
and abstract thinking, whereas schizo¬ 
phrenic subjects show less of an in¬ 
crease in flow and do worse on the test. 
Moreover, those schizophrenic patients 
whose hippocampal structures are the 
smallest show the greatest deficit in 
prefrontal blood flow. The hippocam¬ 
pus connects to the prefrontal cortex, 


which manages working memory in 
primates [see "Working Memory and 
the Mind,” by Patricia S. Goldman-Ra- 
kic, page 721. 

Postmortem studies of schizophren¬ 
ic patients have also uncovered ab¬ 
normalities in the number of brain cells 
and in their organization, particularly in 
the temporal lobe. Yet the tissue shows 
none of the scarring one would expect 
from an infection, nor do the abnormal¬ 
ities progress over time. Some research¬ 
ers therefore speculate that the abnor¬ 
malities stem from a developmental dis¬ 
order, perhaps a failure of the growth of 
neurons and the development of their 
connections, or from a disturbance in 
the “pruning” of neurons that normally 



FUNCTIONAL DEFICIENCY is evident in 
positron emission tomographic scans 
made while the subjects were taking a 
lest of vigilance. The test enhances pre¬ 
frontal cortex metabolism in the nor¬ 
mal volunteer {top) but not in the schizo¬ 
phrenic patient (bottom). The data were 
provided by Monte S. Buchsbaum of the 
University of California at Irvine. 
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Medicines for Mental Disorders 


D rugs may act on several points in the synapse. An¬ 
tidepressants that affect the presynaptic cell in¬ 
clude those that block the cell's reuptake of mono¬ 
amines (a). These drugs include tricyclic antidepressants, 
such as imipramine, which block reuptake of several mono¬ 
amines, and more specific blockers, such as fluoxetine, 
for serotonin, and buproprion, for dopamine. Other an¬ 
tidepressants known as monoamine oxidase inhibitors (b) 
prevent the presynaptic cell from metabolizing mono¬ 
amines, Drugs that affect the postsynaptic cell Include 
agents that either block monoamine receptors or stimu¬ 


late their ability to respond ( c ), Halopendol, an antipsy¬ 
chotic, is a dopamine receptor blocker. Finally, some drugs 
affect the second messenger (d) that is normally pro¬ 
duced after a receptor has been activated. For example, 
lithium carbonate, an antidepressant and antimanic agent, 
works by inhibiting the synthesis of phosphatidyl inositol. 
Here a postsynaptic receptor is shown coupled to a stimu¬ 
latory G protein; this is its activated state, which causes 
more second-messenger chemicals to be synthesized, trig¬ 
gering molecular cascades that determine how the post¬ 
synaptic cell will respond. 
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occurs between the ages of three and 
15 [see “The Developing Brain," by Car¬ 
la J. Shalz, page 34]. 

How might such abnormalities cause 
the symptoms of schizophrenia? While 
conducting surgery on nonschlzophren- 
ic patients, Wilder G. Penfield of the 
Montreal Neurological institute discov¬ 
ered ihat certain structures in the brain 
are related to hallucinations, (Such pa¬ 
tients are often kept awake so that they 
can help ascertain the functions of 
brain tissues near the field in which the 
surgeon is operating.) Penfield found 
that when he touched his diagnostic 
electrode to the temporal lobe he often 
elicited in his patients sights and 
sounds resembling hallucinations. 


Further research showed that the 
frontal parts of the temporal cortex re¬ 
ceive highly processed and filtered sen¬ 
sory information from other parts of 
the cortex. That information eventually 
reaches the limbic system and other 
structures that mediate emotional re¬ 
sponse, or affect. Perhaps, then, some 
overactivation of the temporal cortex 
or abnormalities in the filtering process 
produce the common experiences of 
schizophrenic patients; auditory hallu¬ 
cinations and a sense of being over¬ 
whelmed by all the senses. 

The first effective medications for 
schizophrenia and depression were dis¬ 
covered screndipitousiy, without any 
knowledge of their effects on brain 


chemistry. Chlorpromazine was devel¬ 
oped in the 1950s as a surgical anes¬ 
thetic but turned out to alleviate the 
symptoms of both schizophrenia and 
mania. It thus became the first widely 
used antipsychotic drug. Scientists then 
used ii as a model for the synthesis of 
imipramine, which they expected would 
also serve as an antipsychotic agent. In¬ 
stead it turned out to be very effective 
in the treatment of depression. Lithi¬ 
um was introduced into the treatment 
of manic-depressive illness after John 
Cade, an Australian psychiatrist, noted 
in 1949 that lithium salts sedated ro¬ 
dents in his laboratory'. 

Insight into the way antidepressant 
agents act began with the study of reser- 
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pine, a drug derived from the plant Rau- 
wolfia serpentina, used in traditional 
medicine in India. Reserpine was one of 
the first effective medications for high 
blood pressure. Physicians noted, how¬ 
ever, dial the drug sometimes brought 
on severe depression in patients—a few 
even committed suidde. 

Biochemists discovered that reser¬ 
pine depletes certain neurotransmitters 
classed as monoamines, among them 
norepinephrine, dopamine and seroto¬ 
nin. All the antidepressant drugs known 
in the mid-1960s effectively concentrat¬ 
ed these monoamines in the synapse, ei¬ 
ther by inhibiting their metabolic break¬ 
down or by preventing cells from reab¬ 
sorbing them from the synaptic space (a 
process known as reuptake}. 

This pattern led Joseph J. Schild- 
kraut, then at the National Institute of 
Mental Health, to propose in 1965 that 
depression was associated with a re¬ 
duction in synaptic availability of cate¬ 
cholamines (norepinephrine and dopa¬ 
mine), particularly dopamine, and ma¬ 
nia with an increase of catecholamines. 
Nevertheless, there are antidepressant 
drugs, such as iprindole, that are associ¬ 
ated with no observable change in nor¬ 
epinephrine reuptake or metabolism. 

Biochemical pharmacologists there¬ 
fore looked beyond the neurotransmit- 
ters to the synaptic receptor molecules 
that bind with them. The workers knew 
that norepinephrine has several phar¬ 
macologically distinct receptors, called 
adrenoceptors, but their experiments in 
binding various antidepressant drugs to 
the receptors produced no consistent 
change. 

Then, in 1975, Fridolin Sulser's lab¬ 
oratory at Vanderbilt University found 
an answer by looking not at binding it¬ 
self but at the intracellular response 
that one type of binding elicits. They 
studied how norepinephrine stimulates 
beta-receptors, a class of adrenoceptors 
that mediates the release of cyclic aden¬ 
osine monophosphate inside the nerve 
cell. This molecule then serves as a sec¬ 
ond chemical messenger. But after long¬ 
term administration of certain antide¬ 
pressants, including iprindole, this sec¬ 
ondary response consistently decreases. 
Virtually all antidepressants, including 
those discovered after the finding was 
published, produce this result. So does 
electroconvulsive therapy, a very effec¬ 
tive treatment for depression in which 
shocks are administered to the cere¬ 
brum to induce artificial seizures. 

A number of receptors for each of the 
monoamines exist, and new receptors 
continue to be discovered. With each 
discovery', workers learn more about 
how antidepressants alter these recep¬ 
tors and their second-messenger sys¬ 


tems. It turns out that many, but not all, 
antidepressants produce dysregulations 
in other receptors, including postsynap- 
tic and presynaptic adrenoceptors and 
certain subclasses of the dopamine and 
serotonin receptors. 

These multiple actions of therapeutic 
drugs suggest that many kinds of bio¬ 
logical defects may play a part in man¬ 
ic-depressive illness. Possible defects in 
neurotransmission include abnormali¬ 
ties in receptors and related molecules; 
various components of the second-mes¬ 
senger pathways; various proteins that 
modulate ion transport and indirectly 
increase or decrease activity in second- 
messenger systems; and various G pro¬ 
teins, which couple to receptors and 
stimulate or inhibit intracellular second 
messengers [see "G Proteins," by Mau- 
rine E, Under and Alfred G, Gilman; Sci¬ 
entific American, July]. So far, howev¬ 
er, no one has found direct evidence 
of any such molecular abnormality in 
patients. 

E pisodes of illness gradually be¬ 
come more frequent and more 
severe in many manic-depressive 
patients. This pattern of deterioration 
suggested to Robert M. Post of the 
National Institute of Mental Health an 
analogy with an experimental process 
known as kindling. Scientists kindle 
convulsions in rodents by stimulating 
the animals 1 brains with electricity to 
induce seizures. Each repetition of the 
experiment lowers the electrical thresh¬ 
old for the next seizure, leading finally 
to spontaneous seizures. 

Post proposed that manic-depressive 
illness progresses in a similar fashion, 
each episode facilitating the next one. 
This mechanism would account for both 
the progression of the illness and the 


deleterious effects of interrupting treat¬ 
ment with lithium or anticonvulsant 
medication. After such an interruption, 
patients may fail to respond to a re¬ 
sumption of the medication, even if it 
had been effective earlier. 

One can also infer aspects of the biol¬ 
ogy of schizophrenia from the biochem¬ 
ical action of the therapeutic neuroleptic 
drugs, which include chlorpromazine. 
Arvid Carisson of the University' of Gote- 
borg sought to explain why these drugs 
cause animals to produce increased 
quantities of breakdown products of 
dopamine. He suggested the effect was 
a compensatory' response of the presyn¬ 
aptic neuron to a postsynaptic block¬ 
ade [see illustration on opposite page]. 

As the different molecular and phar¬ 
macologic forms of dopamine recep¬ 
tors became known, the D 2 dopamine 
receptor emerged as the principal site 
of action of antipsychotic medications. 
Some of the drugs seem to work by 
means of interactions with other neuro¬ 
transmitter systems: among these inter¬ 
actions are the balance between the 
neural pathways containing the D L and 
the D 2 dopamine receptors and the bal¬ 
ance between pathways containing cer¬ 
tain serotonin receptors (5HT 2 ) and the 
D 2 dopamine receptors. 

Maria and Arvid Carisson recently 
proposed that schizophrenia is charac¬ 
terized by the disruption of a balance 
between dopamine neurons originating 
in the midbrain and glutamate neurons 
originating In the cerebral cortex. The 
imbalance could be an excess of dopa¬ 
mine or a deficit of glutamate, or both. 
A reduction in glutamate neurons would 
be consistent with the apparent cortical 
atrophy seen in schizophrenia. This the¬ 
ory fits with the effects of known psy¬ 
chosis-producing drugs of abuse: PCP, 



AGE [YEARS} 


ALARMING GENERATIONAL TREND suggests that some environmental factor is in¬ 
creasing the incidence of mood disorders in people who are genetically susceptible 
to it. These graphs compare two groups of relatives of bipolar patients—one born be¬ 
fore 1940, the other born later. At each age at which a comparison is possible, the 
later cohort is at far higher risk of developing bipolar illness or related psychosis. 
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a hallucinogen, blocks glutamate re¬ 
ceptors, whereas amphetamine, which 
can produce psychosis with chronic use, 
stimulates dopamine release. 

Studies of the biochemical action of 
these drugs and related clinical re¬ 
search have brought us to an era of 
rationally based design of medications. 
Once neuropharmacologists understood 
that chlorpromazine works by blocking 
dopamine receptors, they were able to 
synthesize haloperidol, which strongly 
blocks dopamine receptors but has lit¬ 
tle effect on other receptors. Similarly, 
after scientists found that the antide¬ 
pressant imipramine blocks reuptake 
of the neurotransmitter serotonin, they 
were able to design fluoxetine, which 
specifically blocks serotonin reuptake 
but has very little effect on the reup¬ 
take of other monoamines. 

Pharmacology and neurobiology con¬ 
tinue to feed off each other. Over the 
past few years, clinical trials have shown 


that clozapine helps about 30 percent 
of those schizophrenic patients who 
do not respond to other antipsychot¬ 
ic medications or who develop intoler¬ 
able side effects. This drug's unusual 
properties, such as its specific interac¬ 
tion with certain dopamine and sero¬ 
tonin receptors (D 4 and 5HT 2 ), may 
help in the effort to understand schizo¬ 
phrenia itself. 

D epression turns out to involve 
hormonal systems of a much 
wider scope than had been re¬ 
alized. Cortisol, a hormone secreted 
by the adrenal glands, constitutes the 
main circulating steroid associated with 
stress in humans. Many severely de¬ 
pressed patients show persistently ele¬ 
vated blood cortisol, implying a mal¬ 
function in the system that normally 
governs it. 

George P. Chrousos of the National 
Institute of Child Health and Devel¬ 


opment and Philip W. Gold of the Na¬ 
tional Institute of Mental Health inter¬ 
pret this failure as the result of a pro¬ 
longed activation of the brain’s stress 
system. This system—a complex of 
neuronal, hormonal and immunolog¬ 
ic responses—comes into play when 
some stress provokes the brain, caus¬ 
ing its hypothalamic centers to secrete 
corticotropin-releasing hormone (CRH). 
This factor in turn stimulates the pitu¬ 
itary gland—just under the brain—to 
produce the hormone adrenocortico- 
tropin, which circulates to the adrenal 
glands and stimulates their release of 
cortisol This process normally turns it¬ 
self off when the excess cortisol reach¬ 
es its receptors (glucocorticoid recep¬ 
tors) in the brain and suppresses CRH 
production there. In depressed patients, 
however, Gold found that production 
of CRH is excessive and that this sup¬ 
pression fails. 

The CRH-producing neurons of the 
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hypothalamus are principally regulated 
by neurons containing norepinephrine, 
which originate in the hindbrain. These 
CRH and norepinephrine neurons serve 
the stress system as central stations. 
Each set of neurons stimulates the oth¬ 
er. In addition, each responds similar¬ 
ly to many neurotransmitters and pep¬ 
tide modulators of neuro transmission. 
Because many antidepressant drugs af¬ 
fect these neurotransmitters, they must 
also influence the regulation of the 
stress system. 

The stress system of the brain sets 
the level of arousal and the emotional 
tone, alters the ease with which various 
kinds of information can be retrieved 
and analyzed, and aids in the initiation 
of specific actions. All these functions 
are disordered in depressed patients, 
and as a result they become sad, have 
trouble concentrating and become in¬ 
capable of making decisions. 

The anatomy of the stress system 
starts with the locus coeruleus in the 
hindbrain (the major source of nor¬ 
epinephrine-producing neurons) and 
the paraventricular nucleus of the hy¬ 
pothalamus (the brain’s major CRH- 
producing region). From there the con¬ 
nections reach into the cerebrum; these 
connections include dopamine-produc¬ 
ing neurons that project into the meso- 
limbic dopamine tract, which helps to 
control motivation, reward and rein¬ 
forcement. A connection of CRH neu¬ 
rons to the amygdala and hippocam¬ 
pus is important for memory retrieval 
and emotional analysis of information 
pertinent to the environmental events 
that induced the stress. 

The general concepts of stress sys¬ 
tem dysregulation apply to many psy¬ 
chiatric and other diseases, and it will 
require a considerable amount of ba¬ 
sic and clinical research to determine 
whether a causal relation exists between 
mood disorders and this kind of stress 
response dysregulation. 

Molecular genetics can test hypothe¬ 
ses on the biology of these diseases 
because the predisposition to them is 
almost certainly inherited. The task is 


BRAIN STRESS SYSTEM extends from the 
hindbrain and hypothalamus to cerebral 
destinations inside and outside the lim¬ 
bic system (frtue). It includes neurons 
containing norepinephrine (dark blue), 
CRH (red) and dopamine (green). When 
activated, the system affects mood, 
thought and, indirectly, the secretion 
of cortisol by the adrenal glands. Deac¬ 
tivation normally begins when cortisol 
binds to hypothalamic receptors. But in 
depression this shutdown fails, produc¬ 
ing chronic activation. 


made difficult, however, by the com¬ 
plexity of inheritance in schizophrenia 
and manic-depression. Neither illness 
is inherited through one dominant or 
recessive gene. Analysts must take into 
account that illness might result from 
coordinated actions of several genes at 
several different locations (lod) or, al¬ 
ternatively, from genetic heterogene¬ 
ity (in which the same illness can be 
caused by a mutation at any one of 
several loci). 

There are two major strategies for 
finding pathogenic genes. One can sys¬ 
tematically search each chromosome, or 
one can investigate a candidate gene- 
such as that for a given receptor— 
which is known to code for proteins re¬ 
lated to the disease. 

DNA markers now exist for nearly 
every segment of every chromosome. 
In any family, each parent contributes 
to the child a single segment from ei¬ 
ther one or the other chromosome in a 
given pair of chromosomes. The illness 
is linked to a marker location on the 
genetic map if, and only if, one ances¬ 
tral chromosome segment is consis¬ 
tently inherited with illness throughout 
a pedigree. Whenever there is a linkage 
to the marker, one can be sure that a 
gene for the illness resides somewhere 
on that chromosome segment. 

Such mapping has consistently shown 
that a proportion of the families of Alz¬ 
heimer’s patients have illness linked to 
markers on the long arm of chromo¬ 
some 21. No such linkages have been 
demonstrated conclusively for manic- 
depressive illness or schizophrenia. One 
widely publicized study of a large Am¬ 
ish pedigree linked manic-depressive 
illness to markers on chromosome 11; 
another study of a series of pedigrees 
Ln Iceland and England linked schizo¬ 
phrenia to markers on chromosome 5, 
But later analyses led the investigators 
to withdraw their conclusions, and no 
other researchers have confirmed the 
findings. 

linkage to manic-depressive illness 
has been reported more than once at 
the tip of the long arm of the X chro¬ 
mosome, but the linkage remains con¬ 
troversial. One can expect more defini¬ 
tive results from several large-scale in¬ 
ternational efforts, now under way, to 
scan the entire gene map of families 
touched by either schizophrenia or 
manic-depressive illness. 

Many genes encoding the molecules 
involved in neurotransmission are can¬ 
didates for the defects underlying man¬ 
ic-depressive illness or schizophrenia. 
A study of several such candidates for 
manic-depressive illness was performed 
on a series of 20 pedigrees at the Na¬ 
tional Institute of Mental Health by 


Margret R. Hoehe, Sevilla D. Detera- 
Wadleigh, Wade H. Berrettini, Pablo V. 
Gcjman and one of us (Gershon). The 
group tested structural genes for many 
of the receptors we have described, in¬ 
cluding norepinephrine (three alpha-re¬ 
ceptor genes and two beta-receptor 
genes), dopamine (D 2 and D 4 ) and cor¬ 
ticosteroid receptors, and the gene of a 
G protein subunit (G sa ), Other investi¬ 
gators have studied the D 2 dopamine 
receptor in schizophrenia pedigrees. 
Linkage was strongiy excluded for each 
of these genes. 

When linkage of a candidate gene to 
illness can be ruled out, one can con¬ 
clude that no mutation in the candidate 
gene determines inheritance of the sus¬ 
ceptibility to the illness. The only quali¬ 
fication to this general rule is the statis¬ 
tical and technical limits on our power 
to detect or rule out Linkage. Methods 
other than linkage can also scan for mu¬ 
tations in candidate genes, and many 
genes remain to be examined, 

W e expect our understanding of 
the biology of schizophrenia 
and mood disorders to expand 
dramatically, fueled by the impressive 
advances in neurobiology, cognitive 
neuroscience and genetics. Precise di¬ 
agnostic tests for persons at risk for ill¬ 
ness, treatments based on knowledge 
of molecular alterations that lead to ill¬ 
ness, understanding of how environ¬ 
mental events interact with the brain to 
produce illness and, eventually, the de¬ 
velopment of gene therapy are all goals 
that may be achieved. 
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Aging Brain, Aging Mind 

Late in life the human brain suffers attrition of certain neurons 
and undergoes chemical alterations. Yet for many people, 
these changes do not add up to a noticeable decline in intelligence 

by Dennis J. Selkoe 


ontemplate senescence, as Shakespeare 
1 did. In As You Like It, his memorable 
character Lord Jaques enumerates sev¬ 
en ages of man, concluding with this sad 
description: 

Last scene of all, that ends this strange 
eventful history, 

Is second childishness and mere oblivion. 

For many of us, as tor the melancholy 
jaques, the prospect of aging continues to 
conjure images of inexorable, devastating decline, a slow 
march toward mindlessness and mortality. But is severe de¬ 
terioration of the brain—and thus the mind—inevitable? 

The answer is no. Admittedly, research indicates that as 
youth fades, certain molecules and cells in the brain become 
increasingly impaired or disappear. Some of the changes can 
undoubtedly disrupt cognition if they accumulate past criti¬ 
cal thresholds. Yet studies of human behavior suggest that a 
mind-eroding buildup of damage is by no means an auto¬ 
matic accompaniment of longevity* 

Older adults who truly lose their minds probably do so be¬ 
cause a specific disease markedly accelerates or is superim¬ 
posed on the aging process. In developed nations, the lead¬ 
ing cause of senile dementia—loss of memory and reason in 
the elderly—is Alzheimer's disease. Oilier causes include the 
occurrence of multiple strokes or Parkinson's disease. 

Physicians cannot always distinguish between older people 
who suffer from minor, relatively stable forgetfulness and 
those who are in the early stages of Alzheimer’s disease or an¬ 
other progressive, dementing disorder* Ongoing research Into 
normal aging and into disorders of the mind will both en¬ 
able doctors to make those distinctions and give rise to pal¬ 
liative and preventive therapies* For most students of the ag¬ 
ing brain, the ultimate goal is to enhance the quality' of its 
function in old age, not necessarily to prolong life, although 
the latter could certainly result from the former. 

Scientists who study the structural and chemical changes 
that typify the aging brain in the absence of disease find that 
the changes are heterogeneous, like Lhe brain itself. The brain 
consists not only of diverse neurons (the signal-conveying 
cells) but also of varied glial ceils (which help to support and 
repair neurons) and of blood vessels. Certain subsets of cells 
and areas of the brain are more prone to age-related damage 
than others. And the time of onset and the mix and extent of 


GEORGE BERNARD SHAW, who died in 1950 when he was 94, 
wrote several plays in his nineties. A major goal of research 
into the aging brain is to increase the number of people who 
retain mental vigor throughout life. 


physical alterations, as well as the effects on 
intellect, can differ dramatically from person 
to person. In general, however, it seems safe 
to say that most of the structural and chem¬ 
ical modifications I will discuss become ap¬ 
parent in late middle life, that is, in the fif¬ 
ties and sixties* Some of them become pro¬ 
nounced after age 70* Because there probably 
is no unifying mechanism that underlies all 
senescence (age-related dysfunction of cells 
and molecules) in the brain, it seems unlike¬ 
ly that investigators will find a singular elixir 
that will retard or reverse every decline. 

Age-associated changes have been most studied in neurons, 
which in general do not multiply after birth. As individuals 
grow older, their overall number of brain neurons decreases, 
but the pattern is by no means uniform* For example, very few 
neurons disappear from areas of the hypothalamus that regu¬ 
late the secretion of certain hormones by the pituitary gland. 

In contrast, many more nerve cells tend to vanish from the 
substantia nigra and locus coeruleus, w r hich are specialized 
populations of cells in the brain stem* Parkinson's disease can 
decimate some 70 percent or more of the neurons in those ar¬ 
eas, seriously disrupting motor function. Aging alone usually 
eliminates many fewer cells, although older individuals who 
exhibit mild symptoms reminiscent of Parkinson's disease- 
decreased flexibility, slowness of movement and a stooped, 
shuffling gait—may have lost up to 30 or 40 percent of the 
original complement, 

P arts of the limbic system, including the hippocampus, 
undergo variable amounts of cell death as well, (The 
limbic system is central to learning, memory' and emo¬ 
tion.) Researchers have estimated that about 5 percent of 
neurons in the hippocampus disappear with each decade in 
the second half of life. This calculation suggests that about 
20 percent of neurons are lost in that period. The attrition is 
patchy, though; some hippocampal areas show no significant 
decline* 

Even when neurons themselves survive, their cell bodies 
and their complex extensions known as axons and dendrites 
(or, collectively, as neurites) may atrophy. Neurons bear a 
single axon that relays signals to other neurons, often a dis- 
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sor of neurology and neuroscience at Harvard Medical School. 
Selkoe received his medical degree from the University of Vir¬ 
ginia. This is his second article for Scientific American * 



Scientific American September 1992 97 





CEREBRAL CORTEX 
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BRAIN STRUCTURES indicated in boldface are involved in learning, memory and 
reasoning. They normaUy undergo a number of anatomic changes late in life that 
can potentially impair cognition. The alterations listed are just a sampling, and 
they generally occur only in selected parts of the affected structures. The weight of 
the brain declines with age as welt (graph). Robert D. Terry and his colleagues at 
the University of California at San Diego, who collected the data plotted on the graph, 
conclude that the decrease stems in part from shrinkage of large neurons. 


tance away. Dendrites, which are more 
abundant and are found in large branch¬ 
ing arbors, generally receive signals 
from other neurons. 

Cell-body and neuritic atrophy com¬ 
monly occur with aging in a number of 
brain areas important to learning, mem¬ 
ory, planning and other complex in¬ 
tellectual functions. Large neurons, in 
particular, shrink in parts of the hip¬ 
pocampus and the cerebral cortex. And 
cell bodies and axons can degenerate in 
certain acetylcholine-secreting neurons 
that project from the basal forebrain to 
the hippocampus and diverse areas of 
the cortex* Acetylcholine is one of vari¬ 
ous ne urn transmitters by which neu¬ 
rons convey signals to one another. 

Y et not all neuronal changes are 
necessarily destructive. Some 
may represent attempts by sur¬ 
viving neurons to compensate for loss 
or shrinkage of other neurons and their 
projections. Indeed, Paul D. Coleman, 
Dorothy G. Flood and Stephen J* Buell 
of the University of Rochester Medical 
Center have observed a net growth of 


dendrites in some regions of the hippo¬ 
campus and cortex between middle age 
(the forties and fifties) and early old 
age (the early seventies), followed by a 
regression of dendrites in late old age 
(the eighties and nineties). These inves¬ 
tigators postulate that the initial den¬ 
dritic growth reflects an effort by viable 
neurons to cope with the age-associ¬ 
ated loss of Lheir neighbors. Apparent¬ 
ly, this ability to compensate fails in 
very old neurons. Studies of aduli rats 
show r a similar capacity for growth; 
longer and more complex dendrites ap¬ 
pear in the visual cortex after the ani¬ 
mals are exposed to visually stimulat¬ 
ing environments. 

Such findings are encouraging. They 
suggest both that the brain is capable 
of dynamic remodeling of its neuro¬ 
nal connections, even in the later years, 
and that therapy of some kind might 
augment this plasticity. On the other 
hand, the functionality of the dendrites 
that appear in old age has yet to be de¬ 
termined. 

In addition to changes in their num¬ 
ber and in the structure of Lheir cell 


bodies and neurites, neurons can un¬ 
dergo alteration of their internal archi¬ 
tecture. For example, the cytoplasm of 
certain cells of the hippocampus and 
other brain areas vital to memory and 
learning can begin to fill with bundles 
of helically wound protein filaments 
known as nemo fibrillary tangles. An 
abundance of such tangles in these and 
other brain areas is believed to con¬ 
tribute to the dementia of Alzheimer’s 
disease, but the significance of small 
amounts in the undiseased brain is less 
clear. The development of tangles dur¬ 
ing aging seems to indicate that certain 
proteins, particularly those of the cy- 
toskeleton, or the internal scaffolding 
of Lhe cell, are being chemically modi¬ 
fied in ways that could contribute to 
inefficient signaling by these neurons. 

In another internal alteration, neu¬ 
ronal cytoplasm in many parts of the 
brain becomes increasingly dotted with 
innumerable granules containing lipo- 
fusciiL a fluorescent pigment. This pig¬ 
ment is thought to derive from lipid- 
rich internal membranes that have been 
incompletely digested. Again, investiga- 
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tors disagree over whether lipofusdn 
granules harm cells or are mere mark¬ 
ers of longevity* 

As is true of neurons, glial cells, which 
have a supporting role in brain function, 
also become altered. Robert D. Terry of 
ihe University of California at San Diego 
and other investigators have established 
that the type known as fibrous astro¬ 
cytes increases steadily in size and 
number after age 60, Proliferation of 
these cells, which are capable of releas¬ 
ing diverse factors that promote neuro¬ 
nal and neuritic growth, is of unknown 
consequence. Perhaps it represents an¬ 
other attempt by the brain to compen¬ 
sate for gradual decrements in the 
number and structure of neurons* 

Meanwhile the areas between neu¬ 
rons are also undergoing change. In hu¬ 
mans, monkeys, dogs and certain other 
animals, the extracellular spaces of the 
hippocampus, cerebral cortex and oth¬ 
er brain regions commonly accumulate 
moderate numbers of spherical depos¬ 
its called senile plaques* These plaques, 
which develop very slowly, are primarily 
aggregates of a small molecule known 
as the beta-amyloid protein* Amyloid 
protein also accumulates in scattered 
blood vessels in these regions and in the 
meninges, ihe connective tissue that en¬ 
velops the brain. 

Researchers have not fully deter¬ 
mined which cells give rise to these 
protein deposits and what effect the 
accumulations have on nearby neurons 
in healthy elders* The answers should 
emerge soon, however, because the dra¬ 
matically Increased deposition of amy¬ 
loid protein in patients with Alzheimer's 
disease has pushed such issues to the 
forefront of research* 

T he diverse structural alterations 
that occur in the aging brain re¬ 
sult from deleterious changes in 
the activity or abundance of molecules 
that are important to the integrity and 
functioning of cells. One of the most 
venerable theories of aging holds that 
cells throughout the body senesce be¬ 
cause defects slowly accrue in thdr 
DNA, the material from which genes 
are constructed. Genes carry the chem¬ 
ical instructions that inform cells pre¬ 
cisely how to synthesize proteins. At 
some point, the scenario goes, damage 
to DNA lowers the quality or quantity 
of critical proteins (such as certain en¬ 
zymes) in cells. Or the damage may in¬ 
crease the activity or amount of un¬ 
desirable proteins (such as those that 
promote the development of cancers). 

Until recently, genetic research fo¬ 
cused almost entirely on the chromo¬ 
somal DNA in the nucleus, the long 
strands of helical DNA that collectively 


store the genes for virtually all the pro¬ 
teins made in cells. Such work indicated 
that the enzymatic machinery designed 
to excise and repair faulty nuclear DNA 
becomes less efficient late in life and 
perhaps in the presence of certain brain 
diseases. Scientists have also found evi¬ 
dence that cellular controls governing 
genetic activity may be relaxed during 
aging. One mechanism may involve sub- 
tle elimination of methyl groups (CH 3 ) 
from certain parts of DNA molecules 
[see "A Different Kind of Inheritance," 
by Robin Holliday; Scientific Ameri¬ 
can, June 1989], 

In recent years, investigators have 
begun to suspect that DNA in a special 
cellular location—the mitochondria— 
may also contribute to senescence of 
the brain. Mitochondria are intracellu¬ 
lar “power plants' 1 that provide cells 
with critically needed energy. They con¬ 
tain their own snippet of DNA, which 
bears instructions for the manufacture 
of 13 proteins needed for energy gen¬ 
eration* If mitochondrial DNA slowly 
became partially defective, the defects 
could result in production of damaged 
mitochondrial proteins or in the elimi¬ 
nation of such proteins* 

The evidence favoring a causal role 
for mitochondrial DNA in some of the 


changes associated with aging includes 
the finding that such DNA seems to be 
more susceptible to damage than is nu¬ 
clear DNA. One reason may be that the 
DNA-repair machinery in the organelles 
is less effective than that in the nucleus. 
Mitochondrial DNA is also probably sub¬ 
ject to more attack by highly reactive 
oxygenated compounds known as free 
radicals. Such compounds are a contin¬ 
ual by-product of the reactions through 
which mitochondria produce energy. 
Free radicals are made during other 
cellular processes as well and in re¬ 
sponse to ionizing radiation. They oxi¬ 
dize, or add oxygen atoms to, mole¬ 
cules* thereby altering them. 

Furthermore, investigators have dis¬ 
covered that a crucial enzyme encod¬ 
ed by mitochondrial DNA— cytochrome 
oxidase—declines with age in rat brains. 
Several researchers have also identified 
specific deletions in stretches of mito¬ 
chondrial DNA in aged brains and in 
patients with certain age-linked brain 
disorders, such as Parkinson's disease. 

E ven if most nuclear and mito¬ 
chondrial genes remained unal¬ 
tered and gave rise to the prop¬ 
er amounts of normal proteins, sub¬ 
sequent modifications of the proteins 




HIPPOCAMPAL NEURONS (photographs) have been stained in brain specimens from 
healthy humans in their fifties, seventies and nineties and from a patient with 
Alzheimer's disease (left to right). Dorothy G. Flood and Paul D* Coleman of the Uni¬ 
versity of Rochester Medical Center find that the average length of dendritic trees 
(branched shapes) on such neurons increases between middle age and old age in 
healthy adults, regressing only in late old age [graph). The normal growth may re¬ 
flect an attempt by the brain to compensate for destructive age-linked changes. Den¬ 
drites in Alzheimer’s patients do not exhibit age-related growth* 
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Dementia in the U.S. 

I n 1992 the Framingham Study, which repeatedly assesses the health of a 
large group of subjects as they age, estimated the prevalence of dementia 
(#), including Alzheimer's disease (h)< The Alzheimer's figures differ from 
those of a survey conducted in East Boston (by a team led by Denis A, Evans of 
Harvard Medical School), probably because the Framingham group applied a 
narrower definition of the disease. The Framingham Study, consistent with 
others, also found Alzheimer's disease to be the leading cause of persistent 
dementia in late life (c). Some currently treatable causes are listed (d). 
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Medications 
Emotional depression 
Vitamin B 12 deficiency 
Chronic alcoholism 


Certain tumors or infections of the brain 
Blood dots pressing on the brain 

Metabolic imbalances (including thyroid, 
kidney or liver disorders) 


could lead to molecular mischief in late 
life. Proteins can undergo a number of 
distinct chemical modifications, includ¬ 
ing oxidation of certain of their com¬ 
ponent amino acids, glycosylation (ad¬ 
dition of carbohydrate side chains) or 
cross-linking (formation of strong chem¬ 
ical bridges between proteins). Such 
modifications occur normally and en¬ 
able proteins to carry out their func¬ 
tions. Qn the other hand, there is abun¬ 
dant evidence dial as people age, many 
proteins accumulate unhelpful modifi¬ 
cations, For example, the levels of oxi¬ 
dized proteins in skin cells of humans 
and brain cells of rats increase progres¬ 
sively with age, in very old rats, such 
proteins can account for 30 to 50 per¬ 
cent of the total protein content of the 
cell. Cells from young adults with pro¬ 
geria, a rare and remarkable syndrome 
marked by premature aging of many 
body tissues, contain levels of oxidized 
proteins that approach those found in 
healthy 80-year-olds, 

Because enzymes are the proteins 
that catalyze many of the most impor¬ 
tant chemical reactions in cells, they 
have received the greatest scrutiny. 
Several enzymes that synthesize neuro- 
transmitters or their receptors become 
less active as an individual ages. For 
some of these enzymes, postsynthetic 
modihcation may be partly at fault. 

It is a cruel irony that proteases, the 
very enzymes responsible for degrad¬ 
ing oxidized and other proteins, them¬ 
selves undergo oxidation and loss of ac¬ 
tivity. The problem of damaged pro teas¬ 
es, potentially bad enough on its own, 
may be exaggerated by a parallel decline 
in the enzymes superoxide dismutase 
and catalase. These proteins normally 
inactivate free radicals and defend 
against oxidative damage to diverse 
kinds of molecules. At least in rats, they 
become increasingly scarce in old age. 

John M. Carney of the University of 
Kentucky and Robert A. Floyd of the 
Oklahoma Medical Research Founda¬ 
tion and their co-workers have recently 
provided some of the first evidence that 
such oxidation may lead to a loss of 
mental function. Comparing aged and 
young gerbils, they showed that signifi¬ 
cantly more proteins in the older ani¬ 
mals were oxidized. This increase was 
accompanied by a decrease in activity 
of certain critical enzymes. Moreover, 
the older animals had more trouble than 
did the younger ones in navigating a 
radial maze. 

When the scientists injected Lhe aged 
gerbils with a compound (JV-ferf-butyl- 
ot-phenyInitrone) known to inactivate 
oxygen free radicals and thus decrease 
oxidation, the levels of oxidized pro¬ 
teins declined, and the activity 7 of the en- 
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zymes increased to the levels character¬ 
istic of young animals. What is more, 
the biochemical improvements were ac¬ 
companied by the restoration of maze- 
running skill to youthful levels. When 
the therapy was stopped, the amount of 
oxidized protein and enzymatic activity 
reverted to that typical of old animals. 

Many important nonprotein mole¬ 
cules in the brain also change signifi¬ 
cantly in structure or amount during 
aging. There is evidence that the long 
chains of carbon atoms making up the 
lipids in membranes that envelop cells 
and internal organelles undergo chem¬ 
ical modifications. Among these is de¬ 
structive oxidation by free radicals. As 
a result, the precise composition of the 
membranes can shift, subtly altering 
their behavior. 

For example, investigators have 
documented an age-Tefated de¬ 
crease in the fluidity of the mem¬ 
branes making up synaptosomes, 
tiny neuronal vesicles involved in 
the storage and release of neu- 
rotransmitters. And age-related 
changes occur in the lipid compo¬ 
sition of the myelin that sheathes 
and insulates axons. Alteration 
of myelin can have a measurable 
effect on the speed and efficien¬ 
cy with which nerv e fibers propa¬ 
gate electrical impulses over long 
distances. 

rphe molecular changes \ have 
discussed are but a small 
i sampling of those that have 
been found in aged brains of hu¬ 
mans and other mammals, hi 
trying to make sense of such al¬ 
terations, scientists immediate¬ 
ly confront the problem of deter¬ 
mining whether a phenomenon 
they have documented is the pro¬ 
verbial “cart" or “horse." For instance, 
there is little doubt that DNA accrues 
damage over the years. But does the 
damage result, for example, in increased 
oxidation of enzymes, or does oxidation 
occur first and lead to accumulation of 
DNA deficits? The likelihood is that both 
sequences can happen. Once many pro¬ 
cesses get started, they undoubtedly ex¬ 
acerbate others, triggering a complex 
cascade of events. 

Equally important is the question of 
what bearing all these diverse anatomic 
and physiological age-linked changes 
have on the mind. In many people, the 
answer may be “very little,'* Until scien¬ 
tists can record the mental functioning 
of large numbers of healthy people 
close to the time they die and then cor¬ 
relate such data with structural and 
chemical changes in their brains, any 
links between specific physical alter¬ 


ations and disruptions of the intellect 
will remain murky. 

We do know that in people who are 
free of Alzheimer’s disease and other 
specific brain-threatening disorders, the 
extent of anatomic and physiological 
alterations tends to be modest. In many 
studies reporting an age-related neuro- 
chemical deficit—such as reduction in 
ihe activity' of a particular enzyme or in 
the levels of selected proteins or RNA 
molecules—the measures reported for 
elderly adults have ranged from 5 to 30 
percent below those in young adults. 
The degree of neuronal loss in various 
regions of the brain falls into roughly 
the same range. 

Although a 30 percent loss might 
seem quite high, such gradual declines 


often appear to have little practical ef¬ 
fect on thinking. Indeed, positron emis¬ 
sion tomographic (PET) imaging indi¬ 
cates that the brains of healthy people 
in their eighties are almost as active as 
those of people in their twenties. As is 
true of other organs, the brain appears 
to have considerable physiological re¬ 
serve and to tolerate small losses of 
neuronal function. 

Epidemiological and psychological 
studies paint a similar picture. Estimates 
of the prevalence of dementia vary, but 
the most dire of them—derived from a 
door-to-door study conducted by Den¬ 
is A. Evans of Harv ard Medical School 
and his colleagues—indicates that as a 
group, almost 90 percent of all people 
older than 65 years are free of demen¬ 
tia. Evans and his co-workers reported 
in 1991 that fewer than 5 percent of 
subjects aged 65 to 75 exhibited symp¬ 


toms of dementia, a figure that rose to 
about 20 percent in the subjects aged 
75 to 84. Then the number jumped to 
about 50 percent in people older than 
85 years (which is twice as high as cer¬ 
tain other estimates). As disturbing as 
the data are for people older than 75 
years, the figures still indicate that a 
good many people escape major distur¬ 
bances in cognition in the later years. 

Analyses of performance in healthy 
old adults lead to a similar conclusion. 
For instance, Arthur L. Benton, Daniel 
Trane 1 and Antonio R. Damasio of the 
University of Iowa College of Medicine 
found that when people in their seven¬ 
ties and eighties remain in good health, 
they show only a subde decline in per¬ 
formance on tests of memory, percep¬ 
tion and language. 

One decrement on which many 
studies agree is a reduction in the 
speed of some aspects of cogni¬ 
tive processing. Hence, septuage¬ 
narians may be unable to retrieve 
certain details of a particular 
past event quickly—say, the pre¬ 
cise date or place—but they arc 
often able to recall the informa¬ 
tion minutes or hours later. Giv¬ 
en enough time and an environ¬ 
ment that keeps anxiety at bay, 
most healthy elderly people score 
about as well as young or mid¬ 
dle-aged adults on tests of men¬ 
tal performance. The more com¬ 
plex a task is (for example, a mul¬ 
tistep mathematical problem), the 
more likely it is that an otherwise 
healthy elder will perform less well 
than does a young adult. A mes¬ 
sage of guarded optimism emerg¬ 
es from many investigations of 
normal aging: one may not learn 
or remember quite as rapidly dur¬ 
ing healthy late life, but one may 
learn and remember nearly as w^elL 

Taken together, then, the physical, 
epidemiological and psychological find¬ 
ings suggest that mild to moderate de¬ 
creases in memory or speed of intel¬ 
lectual processing may be related to a 
gradual accumulation of standard ana¬ 
tomic and physiological brain changes 
that accompany aging. In contrast, de¬ 
mentia apparently arises from more 
specific and excessive changes in sub¬ 
sets of neurons and in neural circuits. 
In other words, diseases having distinct 
causes and mechanisms underlie senile 
dementia. Of course, one might well 
wonder why people become more prone 
to various debilitating brain disorders, 
including .Alzheimer’s disease, as they 
age. In many instances, the answers are 
uncertain. 

Because .Alzheimer’s disease is by far 
the most common cause of severe in- 



TISSUE FROM THE BRAIN of a 69-year-old man is rid¬ 
dled with the classic lesions of Alzh eimer's disease- 
senile plaques and neurofibrillary tangles. The plaque 
visible in this fragment (large dark-gold sphere) con¬ 
sists of beta-amyloid protein and, at the periphery, 
damaged axons and dendrites (dark squiggles). The 
tangles, which are twisted fibers that fill the cyto¬ 
plasm, make a number of cells appear blackened 
(small dark blobs). Plaques and tangles appear in 
the brains of healthy aged adults, but usually to a 
much lesser extent and in restricted regions. 
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tellectual decline in the elderly, let me 
briefly review the latest research into 
why it develops, why it becomes in¬ 
creasingly prevalent late in life and 
how it might eventually be treated. For¬ 
tunately, progress in this area has been 
truly remarkable of late [see "Amyloid 
Protein and Alzheimer's Disease," by 
Dennis J. Selkoe; Scientific American, 
November 1991 J. 

U ntil very recently, the question of 
what causes Alzheimer's disease 
had to be answered, "We don't 
know." But rapid advances from many 
laboratories analyzing the chemistry 
and molecular biology of the beta-amy¬ 
loid deposits has now r led to identifi¬ 
cation of the first specific molecular 
cause of ihis complex and devastating 
disorder. In 1991 studies by Alison M 
Goate and John A. Hardy and their col¬ 
leagues at St. Mary's Hospital Medical 
School in London, and subse¬ 
quently other research teams, es¬ 
tablished that particular genetic 
mutations are at fault in at least 
some instances. 

These DNA mutations occur 
within the gene that gives rise to 
the beta-amyloid precursor pro¬ 
tein, or beta-APP. Tills precursor 
includes within it the beta-amy¬ 
loid protein that constitutes both 
senile plaques and vascular amy¬ 
loid deposits. The normal func¬ 
tions of beta-APP have not yet 
been revealed, but those of us 
who study Alzheimer's disease 
have found that the precursor is 
made by most cells of the body. 

We know, too, that the mutated 
version somehow r leads to accel¬ 
erated extracellular and vascular deposi¬ 
tion of the beta-amyloid segment. Some 
mutations may lead to more or faster 
amyloid accumulation than others. Has¬ 
tened depositions, in turn, could partly 
explain why some people show symp¬ 
toms earlier than others. 

Research on Down's syndrome has 
contributed importantly to the new un¬ 
derstanding. Individuals with thai syn¬ 
drome are born with three copies of 
chromosome 21 (where the beta-APP 
gene is located) rather than the normal 
two copies. They also invariably develop 
myriad senile plaques and neurofibril¬ 
lary' tangles in the fourth and fifth de¬ 
cades of life. Neuropathoiogical exami¬ 
nation of Down’s patients who have 
died early in life has revealed that a few 
amorphous deposits of amyloid protein 
can begin to appear in the teens, de¬ 
cades before full-blown senile plaques 
and neurofibrillary tangles and clinical 
signs of dementia develop. That critical 
finding, together with the discovery of 


beta-APP mutations in inherited Alz¬ 
heimer's disease, now r makes it dear 
that amyloid protein deposition can 
serve as a seminal event m some if not 
all cases of Alzheimer’s disease. 

No one is sure how the initially in¬ 
ert protein leads over a long time To 
the extensive structural and biochem¬ 
ical changes in axons, dendrites, neu¬ 
ronal cell bodies and glial cells that rav¬ 
ish the minds of Alzheimer’s victims. 
One possibility' is that the protein it¬ 
self remains unreactive, but as it col¬ 
lects over many years, it attracts oth¬ 
er types of molecules to the deposits. 
These other molecules may then dam¬ 
age surrounding neurons and glia. An¬ 
other hypothesis suggests that after the 
amyloid protein reaches critical concen¬ 
trations, it directly damages surround¬ 
ing neurons and glia or makes them 
more vulnerable to subtle injurious pro¬ 
cesses that can occur in the brain. 


In any case, the work of several neu¬ 
roanatomists—inducting Damasio, Brad- 
ely T. Hyman and Gary W. Van Hoesen 
and their co-workers at the University 
of Iowa and John Morrison of the Mount 
Sinai School of Medicine and his col¬ 
leagues—has shown that a buildup of 
amyloid protein, combined with the for¬ 
mation of neurofibrillary' tangles and 
other structural changes in neurons and 
their extensions, contributes to a pro¬ 
gressive disconnection of neuronal cir¬ 
cuits serving memory and thinking. 
Over years the limbic system and the 
association cortices, which are vital to 
organizing mental processes, appear to 
become increasingly out of touch with 
other neuronal areas. This disconnec¬ 
tion helps lead to the impaired memo¬ 
ry, judgment, abstraction and language 
that is all too familiar in .Alzheimer’s 
patients. Because most motor and sen¬ 
sory functions are spared until rather 
late in the disease, the changes give 
rise to the classical, tragic picture of a 


person who can walk, talk and eat but 
cannot make sense of the w f orld. 

In spite of recent progress, many 
central problems need to be addressed. 
How do mutations in the beta-APP gene 
lead to accelerated amyloid deposition 
compared with the slow rate encoun¬ 
tered in normal aged humans? Why is 
such deposition largely confined to the 
brain, when virtually ail tissues synthe¬ 
size the amyloid precursor? Which cells 
actually secrete the devastating amy¬ 
loid fragments? Why do some neurons 
in certain brain regions, such as the hip¬ 
pocampus, show striking reaction to 
the presence of amyloid protein, yet 
other areas, such as the cerebellum, ex¬ 
hibit little or none? Most important, 
how can the terrible destruction be 
blocked? 

.As these questions are being pursued, 
so is the problem of how to bolster and 
protect the aging mind. The fact that no 
single compound is likely to block 
all the potential ravages of great 
longevity is underscored by re¬ 
sults of many clinical trials of 
vitamins, minerals and various 
other compounds thought to "en¬ 
hance" biochemical reactions in 
the brain or increase blood flow. 
These substances have yielded lit¬ 
tle or no cognitive improvement 
in either demented or functional 
elderly people. 

One reasonable "home remedy'* 
would be to stay physically fit. 
Robert E. Dustman and his col¬ 
leagues at the University of Utah 
and other investigators have dem¬ 
onstrated that older subjects who 
regularly do aerobic exercise per¬ 
form better on cognitive tests 
than do sedentary individuals of the 
same age with low aerobic fitness, 

I would additionally advise against 
ingesting agents, including alcohol, 
that interfere with the activity of 
the nervous system. Similarly, I would 
urge physicians to be cautious when 
prescribing for elderly' patients medica¬ 
tions that act on the brain. Extensive 
experimental and clinical evidence has 
shown that people older than about 60 
years arc particularly sensitive to benzo¬ 
diazepines (such as the sedative Val¬ 
ium) and many other depressants and 
stimulants of the central nervous sys¬ 
tem, Compared with young adults, old¬ 
er people suffer a greater decline in rea¬ 
soning while such drugs are in their sys¬ 
tem, are affected longer and react to low 
doses more strongly. These undesirable 
effects on cognition are even more pro¬ 
nounced in those who already suffer 
from a dementing illness. 

Researchers continue to engage in 



PET SCANS OF BRAINS from a healthy aged adult 
{left) and a patient with Alzheimer’s disease {right) 
differ markedly. The excess of dark shading in the 
second image shows that brain activity is impaired. 
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MEASURES OF PROTEIN CHEMISTRY in the brains of gerbiis 
suggest that certain age-related changes may be reversible. 
John M. Carney of the University of Kentucky and Robert A. 
Floyd of the Oklahoma Medical Research Foundation find that 
the number of carbonyl groups on brain proteins la marker of 
protein oxidation) in old gerbiis (blue bar in a) is typically 
higher than in young gerbiis (brown). But the levels decline 


in response to a drug that inactivates certain oxidizing chem¬ 
icals (b). Geriatric gerbiis are also less efficient than young¬ 
sters at negotiating a radial maze (c), such as the one shown 
in the photograph. After treatment, the number of errors 
drops ( d ). The apparent improvement in short-term memory 
encourages hope that antioxidants may one day help to some¬ 
what protect the minds of aging humans. 


lively debate over whether maintaining 
or increasing mental activity can protect 
against cognitive decline late in life. Un¬ 
fortunately, rigorous data on the sub¬ 
ject remain elusive. 

The value to brain function of dietary 
restriction—a well-publicized potential 
antidote to aging—is similarly unclear. 
A nutritionally balanced but very low 
calorie diet has been shown to delay 
many age-related diseases and to in¬ 
crease the life span in a variety of low¬ 
er mammals. In some studies, rats fed 
restricted diets exhibited fewer neuro- 
chemical changes in their brains late in 
life than did their better-fed counter¬ 
parts, and they were more successful 
in old age at learning to find their way 
through a maze. 

Similarly, .Alan Peters and his col¬ 
leagues at the Boston University School 
of Medicine maintained rats on a very 
low calorie regimen that enabled them 
to live for as long as four years, per¬ 
haps a year longer than usual. The 
team found that the animals lost neu¬ 
rons and developed various age-related 
neuronal and glial alterations later in 
life than did control animals. On the 
other hand, the eventual occurrence of 
such alterations suggests that calorie 
control may delay, but will not prevent, 
senescence of the brain. 

No one really understands the mech¬ 
anism by which marked calorie restric¬ 
tion leads to prolonged survival in test 
animals. Nor does anyone know the ex¬ 
tent to which it might retard cognitive 
impairment in humans. It is evident, 
however, that to have any benefit, the 
approach wnuld probably have to be 
practiced throughout much of life. More¬ 
over, sudden and severe nutritional de¬ 
privation in the elderly could lead to 
symptoms of dementia, making calorie 
restriction a risky undertaking if it is at¬ 
tempted without professional guidance. 


A more palatable alternative (both lit¬ 
erally and figuratively} to serious di¬ 
etary denial might one day be pro¬ 
longed administration of antioxidants, 
such as vitamin E. This vitamin has 
been shown to extend longevity and re¬ 
tard some age-associated systemic dis¬ 
eases in rodents, but benefits for the 
aging human brain have not been 
proved. 

F or now, the most rational ap¬ 
proach to developing treatments 
for cognitive failure late in life is 
to decipher the molecular mechanisms 
underlying dementing diseases and 
then to design drugs that block one or 
more critical steps. In Alzheimer's dis¬ 
ease, for example, it appears likely that 
therapies will ultimately be directed at 
inhibiting the enzymes that liberate the 
beta-amyloid protein from its precur¬ 
sor, blocking the delivery of the amyloid 
protein into cerebral tissue or prevent¬ 
ing the inflammatory' and neurotoxic 
responses that the protein apparent¬ 
ly initiates. Such treatments might also 
prove helpful for combating mild to 
moderate forgetfulness in some old¬ 
er people who do not have fidl-blown 
dementia. This seems likely because 
the amyloid plaques and neurofibrillary 
tangles that characterize .Alzheimer's 
disease do form in areas important for 
memory and learning during healthy 
aging, albeit to a much smaller de¬ 
gree. Several therapies are also under 
study for preventing Parkinson's dis¬ 
ease and for preventing or treating 
stroke [see “Stroke Therapy,” by Justin 
A. Zivin and Dennis W. Choi; Scientific 
American, July 1991]. 

During the next three decades, rigor¬ 
ous molecular and clinical examination 
of brain aging will become more com¬ 
mon as the developed nations confront 
a huge surge in the numbers of very 


old people. An estimated three million 
Americans are 85 years or older to¬ 
day, and that number may double by 
the year 2020. Discovery of ways to 
block age-related disorders of higher 
cortical function without necessarily 
prolonging life will undoubtedly enable 
many of the elderly to remain indepen¬ 
dent and enjoy life well beyond the 
eighth decade. Successful aging of the 
body and mind will bring about pro¬ 
found economic and sociological con¬ 
sequences that will require great cre¬ 
ativity and vigor to address. Fortunate¬ 
ly, at that point, society will possess 
a valuable resource to help solve those 
problems: the sharp minds and ac¬ 
cessible wisdom of many of its oldest 
citizens. 
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How Neural Networks 
Learn from Experience 

Networks of artificial neurons can learn to represent 
complicated information. Such neural networks may provide 
insights into the learning abilities of the human brain 

by Geoffrey E. Hinton 


T he brain is a remarkable computer. It 
interprets imprecise information from 
the senses at an incredibly rapid rate. 

!i discerns a whisper in a noisy room, a face 
in a dimly lit aliey and a hidden agenda in a 
political statement. Most impressive of all, the 
brain learns—without any explicit instruc¬ 
tions—to create the internal representations 
that make these skills possible. 

Much is still unknown about how the brain 
trains itself to process information, so theo¬ 
ries abound. To test these hypotheses, my col¬ 
leagues and I have attempted to mimic the brain's learning 
processes by creating networks of artificial neurons. We con¬ 
struct these neural networks by first trying to deduce the es¬ 
sential features of neurons and their interconnections. We 
then typically program a computer to simulate these features. 

Because our knowledge of neurons is incomplete and our 
computing pow r er is limited, our models are necessarily gross 
idealizations of real networks of neurons. Naturally, we en¬ 
thusiastically debate what features are most essential in sim¬ 
ulating neurons. By testing these features in artificial neural 
networks, we have been successful at ruling out all kinds of 
theories about how* the brain processes information. The 
models are also beginning to reveal how the brain may ac¬ 
complish its remarkable feats of learning. 

In the human brain, a typical neuron collects signals from 
others through a host of fine structures called dendrites. The 
neuron sends out spikes of electrical activity through a long, 
thin strand known as an axon, which splits into thousands 
of branches. At the end of each branch, a structure called a 
synapse converts the activity 7 from the axon into electrical 
effects that inhibit or excite activity in the connected neu¬ 
rons. When a neuron receives excitatory* input that is suffi¬ 
ciently large compared with its inhibitory* input, it sends a 
spike of electrical activity down its axon. Learning occurs by 
changing the effectiveness of the synapses so that the influ¬ 
ence of one neuron on another changes. 

Artificial neural networks are typically composed of inter¬ 
connected “units, 11 w r hich serve as model neurons. The func¬ 
tion of the synapse is modeled by a modifiable weight, which 
is associated with each connection. Most artificial networks 
do not reflect the detailed geometry of the dendrites and ax- 


NETWORK OF NEURONS in the brain provides people with 
the ability to assimilate information. Will simulations of such 
networks reveal the underlying mechanisms of learning? 


ons, and they express the electrical output of 
a neuron as a single number that represents 
the rate of firing—its activity. 

Each unit converts the pattern of incoming 
activities that it receives into a single outgo¬ 
ing activity that it broadcasts to other units. It 
performs this conversion in two stages. First, 
it multiplies each incoming activity by the 
weight on the connection and adds together 
all these weighted inputs to get a quantity 
called the total input. Second, a unit uses an 
input-output function that transforms the to¬ 
tal input into the outgoing activity [see “The Amateur Scien¬ 
tist/' page 125], 

The behavior of an artificial neural network depends on 
both the weights and the input-output function that is speci¬ 
fied For the units. This function typically falls into one of three 
categories: linear, threshold or sigmoid. For linear units, the 
output activity is proportional to the total weighted input. 
For threshold units, the output is set at one of two levels, de¬ 
pending on whether the total input is greater than or less 
than some threshold value. For sigmoid units, the output 
varies continuously but not linearly as the input changes. 
Sigmoid units hear a greater resemblance to real neurons 
than do linear or threshold units, but all three must be consid¬ 
ered rough approximations. 

To make a neural network that performs some specific 
task, we must choose how the units are connected to one 
another, and we must set the weights on the connections ap¬ 
propriately. The connections determine whether it is possi¬ 
ble for one unit to influence another. The weights specify the 
strength of the influence. 

The commonest type of artificial neural network consists 
of three groups, or layers, of units: a layer of input units is 
connected to a layer of “hidden" units, which is connected to 
a layer of output units. The activity of the input units repre¬ 
sents the raw information that is fed into the network. The 
activity of each hidden unit is determined by the activities of 
the input units and the weights on the connections between 
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IDEALIZATION OF A NEURON processes activities, or signals. Each input activity is 
multiplied by a number called the weight. The “unit” adds together the weighted in¬ 
puts. It then computes the output activity using an input-output function. 


the input and hidden units. Similarly, 
the behavior of the output units de¬ 
pends on the activity of the hidden 
units and the weights between the hid¬ 
den and output units. 

This simple type of network is inter¬ 
esting because the hidden units are free 
to construct their own representations 
of the input. The weights between the 
input and hidden units determine when 
each hidden unit is active, and so by 
modifying these weights, a hidden unit 
can choose what it represents. 

We can teach a three-layer network 
to perform a particular task by using 
the following procedure. First, we pre¬ 
sent the network with training exam- 



COMMON NEURAL NETWORK consists 
of three layers of units that are fully 
connected. Activity passes from the in¬ 
put units (green) to the hidden units 
(gray) and finally lo the output units 
(yellow). The reds and blues of the con¬ 
nections represent different weights. 


pies, which consist of a pattern of activ¬ 
ities for the input units together with 
the desired pattern of activities for the 
output units. We then determine how 
closely the actual output of the network 
matches the desired output. Next we 
change the weight of each connection so 
that the network produces a better ap¬ 
proximation of the desired output. 

For example, suppose we want a net¬ 
work to recognize handwritten digits. 
We might use an array of, say, 256 sen¬ 
sors, each recording the presence or 
absence of ink in a small area of a sin¬ 
gle digit. The network would therefore 
need 256 input units (one for each sen¬ 
sor), 10 output units (one for each kind 
of digit) and a number of hidden units, 
for each kind of digit recorded by the 
sensors, the network should produce 
high activity in the appropriate output 
unit and low activity in the other out¬ 
put units. 

To train the network, we present an 
image of a digit and compare the actu¬ 
al activity of the 10 output units with 
the desired activity* We then calculate 
the error, which is defined as the square 
of the difference between the actual and 
the desired activities. Next we change 
the weight of each connection so as to 
reduce the error. We repeat this train¬ 
ing process for many different images 
of each kind of digit until the network 
classifies every image correctly. 

To implement this procedure, we 
need to change each weight by an 
amount that is proportional to the rate 
at which the error changes as the weight 
is changed. This quantity—called the er¬ 
ror derivative for the weight, or simply 


the EW—is tricky to compute efficient¬ 
ly. One way to calculate the EW is to 
perturb a weight slightly and observe 
how the error changes. But that meth¬ 
od is inefficient because it requires a 
separate perturbation for each of the 
many weights. 

Around 1974 Paul J. Werbos invent¬ 
ed a much more efficient procedure for 
calculating the EW while he was work¬ 
ing toward a doctorate at Harvard Uni¬ 
versity, The procedure, now known as 
the back-propagation algorithm, has be¬ 
come one of the more important tools 
for training neural networks. 

The back-propagation algorithm is 
easiest to understand if all the units in 
the network are linear. The algorithm 
computes each EW by first computing 
the EA, the rate at which the error 
changes as the activity level of a unit is 
changed. For output units, the EA is 
simply the difference between the actu¬ 
al and the desired output. To compute 
the EA For a hidden unit in the layer 
just before the output layer, we first 
identify all the weights between that 
hidden unit and the output units to 
which it is connected. We then multiply 
those weights by the EAs of those out¬ 
put units and add the products. This 
sum equals the EA for the chosen hid¬ 
den unit. After calculating all the EAs in 
the hidden layer just before the output 
layer, we can compute in like fashion 
the EAs for other layers, moving from 
layer to layer in a direction opposite to 
the way activities propagate through 
the network. This is what gives back 
propagation its name. Once the EA has 
been computed for a unit, it is straight¬ 
forward to compute the EW for each in¬ 
coming connection of the unit. The EW 
is the product of the EA and the activity 
through the incoming connection. 

For nonlinear units, the back-propa¬ 
gation algorithm includes an extra step. 
Before back-propagating, the EA must 
be converted into the El, the rate at 
which ihe error changes as the total in¬ 
put received by a unit is changed. (The 
details of this calculation are given in 
the box on page 108.) 

T he back-propagation algorithm 
was largely ignored for years after 
its invention, probably because its 
usefulness was not fully appreciated. 
Ln the early 1980s David E, Rumelhart, 
then at the University of California at 
San Diego, and David B, Parker, then 
at Stanford University* independently 
rediscovered the algorithm. In 1986 
Rumelhart, Ronald j. Williams, also at 
the University of California at San Diego, 
and 1 popularized the algorithm by 
demonstrating that it could teach the 
hidden units to produce interesting rep- 
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resenfations of complex input patterns. 

The back-propagation algorithm has 
proved surprisingly good at training 
networks with multiple layers to per¬ 
form a wide variety of tasks. It is most 
useful in situations in which the rela¬ 
tion between input and output is non¬ 
linear and training data are abundant. 
By applying the algorithm, researchers 
have produced neural networks that rec¬ 
ognize hand written digits, predict cur¬ 
rency exchange rates and maximize the 
yields of chemical processes. They have 
even used the algorithm to train net¬ 
works that identify precancerous cells 
in Pap smears and that adjust the mir¬ 
ror of a telescope so as to cancel out 
atmospheric distortions. 

Within the field of neuroscience, Rich¬ 
ard Andersen of the Massachusetts in¬ 
stitute of Technology and David Zipser 
of the University of California at San 
Diego showed that the back-propagation 


algorithm is a useful tool for explain¬ 
ing the function of some neurons in the 
brain's cortex. They trained a neural net¬ 
work to respond to visual stimuli us¬ 
ing back propagation. They then found 
that the responses of the hidden units 
were remarkably similar to those of real 
neurons responsible for converting vi¬ 
sual information from the retina into a 
form suitable for deeper visual areas of 
the brain. 

Yet back propagation has had a rather 
mixed reception as a theory of how bio¬ 
logical neurons learn. On the one hand, 
the hack-propagation algorithm has 
made a valuable contribution at an ab¬ 
stract level. The algorithm is quite good 
at creating sensible representations in 
the hidden units. As a result, research¬ 
ers gained confidence in learning pro¬ 
cedures in which weights are gradually 
adjusted to reduce errors. Previously, 
many workers had assumed that such 


methods would be hopeless because 
they would inevitably lead to locally 
optimal hut globally terrible solutions. 
For example, a digit-recognition network 
might consistently home in on a set 
of weights that makes the network con¬ 
fuse ones and sevens even though an 
ideal set of weights exists that would 
allow the network to discriminate be¬ 
tween the digits. This fear supported a 
widespread belief that a learning proce¬ 
dure was interesting only if it were guar¬ 
anteed to converge eventually on the 
globally optimal solution. Back propa¬ 
gation showed that for many tasks 
global convergence was not necessary 
to achieve good performance. 

On the other hand, back propaga¬ 
tion seems biologically implausible. The 
most obvious difficulty is that Informa¬ 
tion must travel through the same con¬ 
nections in the reverse direction, from 
one layer to the previous layer. Clearly, 


How a Neural Network Represents Handwritten Digits 


A neural network—ton- 
/\ listing of 256 input 
Xi units, nine hidden 
units and 10 output units— 
has been trained to recog¬ 
nize handwritten digits. The 
illustration below shows the 
activities of the units when 
the network is presented 
with a handwritten 3, The 
third output unit is most ac¬ 
tive. The nine panels at the 
right represent the 256 in¬ 
coming weights and the 10 
outgoing weights for each 
of the nine hidden units. The 
red regions indicate weights 
that are excitatory, where¬ 
as yellow regions represent 
weights that are inhibitory. 
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this does not happen in real neurons. 
But this objection is actually rather su¬ 
perficial. The brain has many pathways 
from later layers back to earlier ones, 
and it could use these pathways in 
many ways to convey the information 
required for learning. 

A more important problem is the 
speed of the back-propagation algo¬ 
rithm. Here the central issue is how the 
time required to learn increases as the 
network gets larger. The time taken to 
calculate the error derivatives for the 
weights on a given training example is 
proportional to the size of the network 
because the amount of computation is 
proportional to the number of weights. 
But bigger networks typically require 
more training examples, and they must 
update the weights more times. Hence, 
the learning time grows much faster 
than does the size of the network. 


The most serious objection to hack 
propagation as a model of real Learning 
is that it requires a teacher to supply 
the desired output for each training ex¬ 
ample, In contrast, people learn most 
things without the help of a teacher. 
Nobody presents us with a detailed 
description of the internal representa¬ 
tions of the world that we must learn 
to extract from our sensory input. We 
learn to understand sentences or visual 
scenes without any direct instructions. 

How r can a network learn appropriate 
internal representations if it starts with 
no knowledge and no teacher? If a net¬ 
work is presented with a large set of pat¬ 
terns hut is given no information about 
what to do with them, it apparendy does 
not have a well-defined problem to solve. 
Nevertheless, researchers have devel¬ 
oped several general-purpose, unsuper¬ 
vised procedures that can adjust the 


weights in the network appropriately. 

All these procedures share two char¬ 
acteristics: they appeal, implicitly or ex¬ 
plicitly, to some notion of the quality 
of a representation, and they work by 
changing the weights to improve the 
quality of the representation extracted 
by the hidden units. 

I n general, a good representation is 
one that can be described very eco¬ 
nomically but nonetheless contains 
enough information to allow a dose ap¬ 
proximation of the raw input to be re¬ 
constructed. For example, consider an 
image consisting of several ellipses. Sup¬ 
pose a device translates the image into 
an array of a million tiny squares, each 
of which is either light or dark. The im¬ 
age could be represented simply by the 
positions of the dark squares. But oth¬ 
er, more efficient representations are 


The Back-Propagation Algorithm 


T o train a neural network to perform some task, we 
must adjust the weights of each unit in such a way 
that the error between the desired output and the ac¬ 
tual output is reduced. This process requires that the neural 
network compute the error derivative of the weights (EW). 
In other words, it must calculate how the error changes as 
each weight is increased or decreased slightly. The back' 
propagation algorithm is the most widely used method 
for determining the EW. 

To implement the back-propagation algorithm, we must 
first describe a neural network in mathematical terms. As¬ 
sume that unit j is a typical unit in the output layer and 
unit i is a typical unit in the previous layer. A unit in the 
output layer determines its activity by following a two- 
step procedure. First, it computes the total weighted in¬ 
put Xj, using the formula 


the difference between the actual and the desired activity. 

“ '-If-*-* 


2. Compute how fast the error changes as the total input 
received by an output unit is changed. This quantity (El) is 
the answer from step 1 multiplied by the rate at which the 
output of a unit changes as its total input is changed. 


EIj = 


dX _ dX dv, 

dxj dyj dxj 


EA- S y_ /(1-jj) 


3. Compute how fast the error changes as a weight on 
the connection into an output unit is changed. This quan¬ 
tity (EW) is the answer from step 2 multiplied by the activ¬ 
ity level of the unit from which the connection emanates. 


i 

where y f is the activity ievel of the /th unit in the previous 
layer and w (j is the weight of the connection between the 
/th and jth unit. 

Next, the unit calculates the activity using some func¬ 
tion of the total weighted input. Typically, we use the sig¬ 
moid function: 

v_L_. 

Ji I + C't 

Once the activities of all the output units have been de¬ 
termined, the network computes the error T, which is de¬ 
fined by the expression 

/ 

where y- is the activity level of the jth unit in the top layer 
and dj is the desired output of the jth unit. 

The back-propagation algorithm consists of four steps: 
1. Compute how fast the error changes as the activity 
of an output unit is changed. This error derivative (EA) is 


dX dX dx, 


4. Compute how fast the error changes as the activity 
of a unit in the previous layer is changed. This crucial step 
allows back propagation to be applied to multilayer net¬ 
works. When the activity of a unit in the previous layer 
changes, it affects the activities of all the output units to 
which it is connected. So to compute the overall effect on 
the error, we add together all these separate effects on 
output units. But each effect is simple to calculate. It is the 
answer in step 2 multiplied by the weight on the connec¬ 
tion to that output unit. 


EAi = 


BE _ y BE Bxj 



By using steps 2 and 4 r we can convert the EAs of one layer 
of units into EAs for the previous layer This procedure can 
be repeated to get the EAs for as many previous layers as 
desired. Once we know the EA of a unit, we can use steps 
2 and 3 to compute the EWs on its incoming connections. 
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also possible. Ellipses differ in only five 
ways: orientation, vertical position, hor¬ 
izontal position, length and width. The 
image can therefore be described using 
only five parameters per ellipse. 

Although describing an ellipse by five 
parameters requires more bits than de¬ 
scribing a single dark square by two co¬ 
ordinates, we get an overall savings be 
cause far fewer parameters than coor¬ 
dinates are needed. Furthermore, we do 
noL lose any information by describing 
the ellipses in terms of their parame¬ 
ters; given the parameters of the el¬ 
lipse, we could reconstruct the original 
image if we so desired. 

Almost all the unsupervised learning 
procedures can be viewed as methods 
of minimizing the sum of two terms, a 
code cost and a reconstruction cost. 
The code cost is the number of bits re¬ 
quired to describe the activities of the 
hidden units. The reconstruction cost 
is the number of bits required to de¬ 
scribe the misfit between the raw input 
and the best approximation to it that 
could be reconstructed from the activ¬ 
ities of the hidden units. The recon¬ 
struction cost is proportional to the 
squared difference between the raw in¬ 
put and its reconstruction. 

Two simple methods for discovering 
economical codes allow fairly accurate 
reconstruction of the input: principal- 
components learning and competitive 
learning. In both approaches, we first 
decide how economical the code should 
be and then modify the weights in the 
network to minimize the reconstruc¬ 
tion error. 

A principal-components learning 
strategy is based on the idea that if the 
activities of pairs of input uniLs are cor¬ 
related in some way, it is a waste of bits 
to describe each input activity separate¬ 
ly. A more efficient approach is to ex¬ 
tract and describe the principal compo¬ 
nents—that is, the components of vari¬ 
ation shared by many input units. If we 
wish to discover, say, 10 of the princi¬ 
pal components, then we need only a 
single layer of 10 hidden units. 

Because such networks represent the 
input using only a small number of 
components, the code cost is low. And 
because the input can be reconstructed 
quite well from the principal compo¬ 
nents, the reconstruction cost is small. 

One way to train this type of net¬ 
work is to force it to reconstruct an 
approximation to the input on a set of 
output units. Then back propagation 
can be used to minimize the difference 
between the actual output and the de¬ 
sired output. This process resembles 
supervised learning, but because the 
desired output is exactly the same as 
the input, no teacher is required. 



TWO FACES composed of eight ellipses can be represented as many points in two 
dimensions. Alternatively, because the ellipses differ in only five ways—orienta¬ 
tion, vertical position, horizontal position, length and width—the two faces can be 
represented as eight points in a five-dimensional space. 


Many researchers* including Ralph 
linsker of the IBM Thomas J. Watson 
Research Center and Erkki Oja of Lap- 
peenranta University of Technology in 
Finland, have discovered alternative al¬ 
gorithms for learning principal compo¬ 
nents. These algorithms are more bio¬ 
logically plausible because they do not 
require output units or back propaga¬ 
tion. Instead they use the correlation 
between the activity of a hidden unit 
and the activity of an input unit to de¬ 
termine the change in the weight. 

When a neural network uses princi¬ 
pal-components learning, a small num¬ 


ber of hidden units cooperate in repre¬ 
senting the input pattern. In contrast, 
in competitive learning, a large number 
of hidden units compete so that a sin¬ 
gle hidden unit is used to represent any 
particular input pattern. The selected 
hidden unit is the one whose incoming 
weights are most similar to the input 
pattern. 

Now suppose we had to reconstruct 
the input pattern solely from our knowl¬ 
edge of which hidden unit was chosen. 
Our best bet would be to copy the pat¬ 
tern of incoming weights of the chosen 
hidden unit. To minimize the recon- 



COMPETITIVE LEARNING can be envisioned as a process in which each input pat¬ 
tern attracts the weight pattern of the closest hidden uniL Each input pattern repre¬ 
sents a set of distinguishing features. The weight patterns of hidden units are ad¬ 
justed so that they migrate slowly toward the closest set of input patterns. In this 
way* each hidden unit learns to represent a cluster of similar input patterns. 
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struction error, we should move the pat¬ 
tern of weights of the winning hidden 
unit even closer to the input pattern. 
This is what competitive learning docs. 
If the network is presented with training 
data that can be grouped into clusters 
of similar input patterns, each hidden 
unit learns to represent a different dus¬ 
ter, and its incoming weights converge 
on the center of the cluster. 

Like the principal-componenLs algo¬ 
rithm, competitive learning minimizes 
the reconstruction cost white keeping 
the code cost low. We can afford to use 
many hidden units because even with a 
million units it takes only 20 bits to say 
which one won. 

In the early 1980s Teuvo Ko- 
honen of Hdsinki University in¬ 
troduced an important modifi¬ 
cation of the competitive learn¬ 
ing algorithm. Kohonen showed 
how to make physically adja¬ 
cent hidden units learn to rep¬ 
resent similar input patterns. 
Kohonen’s algorithm adapts 
not only the weights of the win¬ 
ning hidden unit but also the 
weights of the winner’s neigh¬ 
bors. The algorithm’s ability to 
map similar input patterns 
to nearby hidden units sug¬ 
gests that a procedure of this 
type may be what the brain 
uses to create the topographic maps 
found in the visual cortex [see ‘’The Vi¬ 
sual Image in Mind and Brain,” by Se- 
mir Zeki, page 42J. 

Unsupervised learning algorithms can 
be classified according to the type of 
representation they create. In principal- 
components methods, the hidden units 
cooperate, and the representation of 
each input pattern is distributed across 
all of them. In competitive methods, 
the hidden units compete, and the rep¬ 
resentation of the input pattern is lo¬ 
calized in the single hidden unit that is 
selected. Until recently, most work on 
unsupervised learning focused on one 
or another of these two techniques, 
probably because they lead to simple 
rules for changing the weights. But the 
most interesting and powerful algo¬ 
rithms probably lie somewhere between 
the extremes of purely distributed and 
purely localized representations. 

Horace B. Barlow of the University of 
Cambridge has proposed a model in 
which each hidden unit is rarely active 
and the representation of each input 
pattern is distributed across a small 
number of selected hidden units. He 
and his co-workers have shown that this 
type of code can be learned by forcing 
hidden units to be uncorrelated while 
also ensuring that the hidden code al¬ 
lows good reconstruction of the input. 


Unfortunately, most current meth¬ 
ods of minimizing the code cost tend 
to eliminate all the redundancy among 
the activities of the hidden units. As a 
result, the network is very sensitive to 
the malfunction of a single hidden unit. 
This feature ls uncharacteristic of the 
brain, which is generally not affected 
greatly by the toss of a few neurons. 

The brain seems to use what are 
known as population codes, in which 
information is represented by a whole 
population of active neurons. That point 
was beautifully demonstrated in the 
experiments of David L. Sparks and his 
co-workers at the University of Alaba¬ 


ma. While investigating how the brain 
of a monkey instructs its eyes where 
to move, they found that the required 
movement is encoded by the activities 
of a whole population of cells, each of 
which represents a somewhat different 
movement. The eye movement that is 
actually made corresponds to the aver¬ 
age of all the movements encoded by 
the active cells. If some brain cells are 
anesthetized, the eye moves to the point 
associated with the average of the re¬ 
maining active cells. Population codes 
may be used to encode not only eye 
movements but also faces, as shown by 
Malcolm P, Young and Shigeru Yamane 
at the RIKEN Institute in Japan in recent 
experiments on the inferior temporal 
cortex of monkeys. 

F or both eye movements and fac¬ 
es, the brain must represent enti¬ 
ties that vary along many differ¬ 
ent dimensions. In the case of an eye 
movement, there are just two dimen¬ 
sions, but for some tiling like a face, 
there are dimensions such as happiness, 
hairiness or familiarity, as well as spatial 
parameters such as position, size and 
orientation. If we associate with each 
face-sensitive ceil the parameters of the 
face that make it most active, we can av¬ 
erage these parameters over a popula¬ 
tion of active cells to discover the pa¬ 


rameters of the face being represent¬ 
ed by that population code. In abstract 
terms, each face cell represents a partic¬ 
ular point in a multidimensional space 
of possible faces, and any face can then 
be represented by activating all the cells 
that encode very similar faces, so that a 
bump of activity appears in the multidi¬ 
mensional space of possible faces. 

Population coding is attractive be¬ 
cause it works even if some of the neu¬ 
rons are damaged. It can do so because 
the loss of a random subset of neurons 
has little effect on the population aver¬ 
age. The same reasoning applies if 
some neurons are overlooked when the 
system is in a hurry. Neurons 
communicate by sending dis¬ 
crete spikes called action po¬ 
tentials, and in a very short 
time interval many of the "ac¬ 
tive” neurons may not have 
time to send a spike. Neverthe¬ 
less, even in such a short inter¬ 
val, a population code in one 
part of the brain can still give 
rise to an approximately cor¬ 
rect population code in another 
part of the brain. 

At first sight, the redundancy 
in population codes seems in¬ 
compatible with the idea of 
constructing internal represen¬ 
tations that minimize the code 
cost. Fortunately, we can overcome this 
difficulty by using a less direct mea¬ 
sure of code cost. If the activity that en¬ 
codes a particular entity is a smooth 
hump in which activity falls off in a 
standard way as we move away From 
the center, we can describe the bump 
of activity completely merely by specify¬ 
ing its center. So a fairer measure of 
code cost is the cost of describing ihe 
center of the bump of activity plus the 
cost of describing how the actual activi¬ 
ties of the units depart from the de¬ 
sired smooth bump of activity. 

Using this measure of the code cost, 
we find that population codes are a con¬ 
venient way of extracting a hierarchy of 
progressively more efficient encodings 
of the sensory input. This point is best 
illustrated by a simple example. Con¬ 
sider a neural network that is present¬ 
ed with an image of a face. Suppose the 
network already contains one set of 
uniLs dedicated to representing noses, 
another set for mouths and another set 
for eyes. When it is shown a particular 
face, there will be one bump of activity 
in the nose units, one in the mouth 
units and two in the eye units. The lo¬ 
cation of each of these activity bumps 
represents the spatial parameters of the 
feature encoded by the bump. Describ¬ 
ing the four activity bumps is cheaper 
than describing the raw image, but it 



POPULATION CODING represents a muliiparameier ob¬ 
ject as a bump of activity spread over many hidden 
units. Each disk represents an inactive hidden unit. 
Each cylinder indicates an active unit, and its height de¬ 
picts the level of activity. 
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MOUTH UNITS 


BUMPS OF ACTIVITY in sets of hidden units represent the image of a nose and a 
mouth. These population codes will cause a bump in the face units if the nose and 
mouth have the correct spatial relation (left). If not, the active nose units will try to 
create a bump in the face units at one location while the active mouth units will do 
the same at a different location. As a result, the input activity to the face units does 
not exceed a threshold value, and no bump is formed in the face units (rr^ftr). 


would obviously be cheaper still to de¬ 
scribe a single bump of activity in a set 
of face units, assuming of course that 
the nose, mouth and eyes are in the cor¬ 
rect spatial relations to form a face. 

This raises an interesting issue: How 
can the network check that the parts 
arc correctly related to one another to 
make a face? Some time ago Dana H. 
Ballard of the University of Rochester 
introduced a clever technique for solv¬ 
ing this type of problem that works 
nicely with population codes. 

If we know the position, size and ori¬ 
entation of a nose, w 7 e can predict the 
position, size and orientation of the face 
to which it belongs because the spa¬ 
tial relation between noses and faces 
is roughly fixed. We therefore set the 
weights in the neural network so that a 
bump of activity in the nose units tries 
to cause an appropriately related bump 
of activity in the face units. But we also 
set the thresholds of the face units so 
that the nose units alone arc insufficient 
to activate the face units. If, however, 
the bump of activity in the mouth units 
also tries to cause a bump in the same 
place in the face units, then the thresh¬ 
olds can be overcome. In effect, we have 
checked that the nose and mouth are 
correctly related to each other by check¬ 
ing that they both predict the same spa¬ 
tial parameters for the whole face. 

This method of checking spatial re¬ 
lations is intriguing because it makes 
use of the kind of redundancy 7 between 
different parts of an image that unsu- 
pervlsed learning should be good at 
finding. It therefore seems natural to 
try to use unsupervlsed learning to dis¬ 
cover hierarchical population codes for 
extracting complex shapes. In 1986 
Eric Saund of M.I.T. demonstrated one 
method of learning simple population 
codes for shapes. It seems likely that 
with a dear definition of the code cost, 
an unsupervlsed network will be able 
to discover more complex hierarchies 
by trying to minimize the cost of cod¬ 
ing the image. Richard Zemel and I at 
the University of Toronto are now in¬ 
vestigating this possibility. 

By using unsupervlsed learning to ex¬ 
tract a hierarchy of successively more 
economical representations, it should be 
possible to improve greatly the speed 
of learning in large multilayer networks. 
Each layer of the network adapts its in¬ 
coming weights to make its representa¬ 
tion better than the representation in 
the previous layer, so weights in one 
layer can be learned without reference 
to weights in subsequent layers. This 
strategy 7 eliminates many of the interac¬ 
tions between weights that make back- 
propagation learning very slow in deep 
multilayer networks. 


IMAGE OF NOSE AND MOUTH 


All the learning procedures discussed 
thus far are implemented in neural net¬ 
works in which activity flow s only in the 
forward direction from input to output 
even though error derivatives may flow 
in the backward direction. Another im¬ 
portant possibility to consider is net¬ 
works in which activity 7 flows around 
dosed loops. Such recurrent networks 
may settle down to stable states, or they 
may exhibit complex temporal dynam¬ 
ics that can be used to produce sequen¬ 
tial behavior. If they settle to stable 
states, error derivatives can be comput¬ 
ed using methods much simpler than 
back propagation. 

.Although investigators have devised 
some powerful learning algorithms that 
are of great practical value, we still do 
not know which representations and 
learning procedures are actually used 
by the brain. But sooner or later com¬ 
putational studies of learning in artifi¬ 
cial neural networks will converge on 


the methods discovered by evolution. 
When that happens, a lot of diverse 
empirical data about the brain will sud¬ 
denly make sense, and many new ap¬ 
plications of artificial neural networks 
will become feasible. 
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The Problem of Consciousness 

It can now be approached by scientific investigation 
of the visual system. The solution will require a close 
collabora tion among psychologists, neuroscientists and theorists 

by Francis Crick and Christof Koch 


he overwhelming question in neurobi¬ 
ology today is the relation between the 
mind and the brain. Everyone agrees 
that what we know as mind is closely related 
to certain aspects of the behavior of the brain, 
not to the heart, as Aristotle thought. Its most 
mysterious aspect is consciousness or aware¬ 
ness, which can take many forms, from the 
experience of pain to self-consciousness. 

In the past the mind (or soul) was often re 
garded, as it was by Descartes, as something 
immaterial, separate from the brain but inter¬ 
acting with it in some way. A few neuroscientists, such as Sir 
John Eccles, still assert that the soul is distinct from the body. 
But most neuroscientists now believe that all aspects of mind, 
including its most puzzling attribute—consciousness or 
awareness—are likely to be explainable in a more materialistic 
way as the behavior of large sets of interacting neurons. As 
William James, the father of American psychology, said a 
century ago, consciousness is not a thing but a process. 

Exactly what the process is, however, has yet to be discov¬ 
ered. For many years after James penned The Principles of 
Psychology r consciousness was a taboo concept in American 
psychology because of the dominance of the bchaviorist 
movement. With the advent of cognitive science in the mid- 
1950s, it became possible once more for psychologists to 
consider mental processes as opposed to merely observ¬ 
ing behavior. In spite of these changes, until recently most 
cognitive scientists ignored consciousness, as did almost 
all neuroscientists. The problem was fell to he either pure¬ 
ly “philosophical” or too elusive to study experimentally. It 
would not have been easy for a neuroscientist to get a grant 
just to study consciousness. 

In our opinion, such timidity is ridiculous, so a few years 
ago we began to think about how best to attack the problem 
scientifically. How to explain mental events as being caused 
by the firing of large sets of neurons? Although there are 
those who believe such an approach is hopeless, we feel it is 
not productive to worry too much over aspects of the prob¬ 
lem that cannot be solved scientifically or, more precisely, 
cannot be solved solely by using existing scientific ideas. 
Radically new concepts may indeed be needed—recall the 


VISUAL AWARENESS primarily involves seeing what is di¬ 
rectly in Front of you, but it can be influenced by a three-di¬ 
mensional representation of the object in view retained by 
the brain. If you see the back of a person’s head, the brain in¬ 
fers that there is a face on the front of it We know tins is true 
because we would be very startled if a mirror revealed that 
the front was exactly like the back, as in this painting, Repro¬ 
duction Prohibited (1937), by Rene Magritte. 


modifications of scientific thinkiiig forced on 
us by quantum mechanics. The only sensible 
approach is to press the experimental attack 
until we are confronted with dilemmas that 
call for new ways of thinking. 

There are many possible approaches to the 
problem of consciousness. Some psycholo¬ 
gists feel that any satisfactory theory should 
try to explain as many aspects of conscious¬ 
ness as possible, including emotion, imagina¬ 
tion, dreams, mystical experiences and so on. 
Although such an all-embracing theory will be 
necessary in the long run, we thought it wiser to begin with 
the particular aspect of consciousness that is likely to yield 
most easily. What this aspect may be is a matter of personal 
judgment. We selected the mammalian visual system be¬ 
cause humans are very visual animals and because so much 
experimental and theoretical work has already been done on 
it [see “The Visual Image in Mind and Brain,” by Semir Zeki, 
page 42]. 

It is not easy to grasp exaedy what we need to explain, and 
it will take many careful experiments before visual conscious¬ 
ness can be described scientifically. We did not attempt to de¬ 
fine consciousness itself because of the dangers of premature 
definition. (If this seems like a cop-out, try defining the word 
“gene”—you will not find it easy.) Yet the experimental evi¬ 
dence that already exists provides enough of a glimpse of 
the nature of visual consciousness to guide research. In this 
article, we will attempt to show how this evidence opens the 
way to attack this profound and intriguing problem. 

Visual theorists agree that the problem of visual con¬ 
sciousness is ill posed. The mathematical term “ill posed” 
means that additional constraints are needed to solve the 
problem. Although the main function of the visual system is 
to perceive objects and events in the world around us, the in- 
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formation available to our eyes is not 
sufficient by itself to provide the brain 
with its unique interpretation of the vi¬ 
sual world. The brain must use past ex¬ 
perience {either its own or that of our 
distant ancestors, which Is embedded 
in our genes) to help interpret the infor¬ 
mation coming into our eyes. An exam¬ 
ple would be the derivation of the three- 
dimensional representation of the world 
from the two-dimensional signals falling 
onto the retinas of our two eyes or even 
onto one of them. 

Visual theorists also would agree that 
seeing is a constructive process, one in 
which the brain has to carry out com¬ 
plex activities {sometimes called com¬ 
putations) in order to decide which in¬ 
terpretation to adopt of the ambiguous 
visual input. “Computation" implies that 
the brain acts to form a symbolic rep¬ 
resentation of the visual world, with a 
mapping {in the mathematical sense) of 
certain aspects of that world onto ele¬ 
ments in the brain . 

Ray Jackendoff of Brandeis Univer¬ 
sity postulates, as do most cognitive 
scientists, that the computations car¬ 
ried out by the brain are largely uncon¬ 
scious and that what we become aware 
of is the result of these computations. 
But while the customary view is that 
this awareness occurs at the highest lev¬ 
els of the computational system, Jack¬ 
endoff has proposed an intermediate- 
level theory of consciousness. 

What we see, Jackendoff suggests, re¬ 
lates to a representation of surfaces that 
are directly visible to us, together with 
their outline, orientation, color, texture 
and movement. (This idea has similari¬ 
ties to what the late David C. Marr of the 
Massachusetts Institute of Technology 
called a '^/^-dimensional sketch." It is 
more than a two-dimensional sketch be¬ 
cause it conveys the orientation of the 
visible surfaces. It is less than three-di¬ 
mensional because depth information 
is not explicitly represented.) in the next 
stage this sketch is processed by the 
brain to produce a three-dimensional 
representation. Jackendoff argues that 
we are not visually aware of this three- 
dimensional represen tat ion. 

An example may make this process 
clearer. If you look at a person whose 
back is turned to you, you can see the 
back of the head but not the face. Nev¬ 
ertheless, your brain infers that the 
person has a face. We can deduce as 
much because if that person turned 
around and had no face, you would be 
very surprised. 

The viewer-centered representation 
that corresponds to the visible back of 
the head is what you are vividly aware 
of. What your brain infers about the 
front would come from some kind of 


three-dimensional representation. This 
does not mean that information flows 
only from the surface representation to 
the three-dimensional one; it almost cer¬ 
tainly flows in bo Lb directions. When 
you imagine the front of the face, what 
you are aware of is a surface represen¬ 
tation generated by information from 
the three-dimensional model. 

I t is important to distinguish be¬ 
tween an explicit and an implicit 
representation. An explicit repre¬ 
sentation is something that is symbol¬ 
ized without further processing. An im¬ 
plicit representation contains the same 
information but requires further pro¬ 
cessing to make it explicit. The pattern 
of colored dots on a television screen, 
for example, contains an implicit rep¬ 
resentation of objects (say, a person's 
face), but only the dots and their loca¬ 
tions are explicit. When you see a face 
on the screen, there must be neurons in 
your brain whose firing, in some sense, 
symbolizes that face. 

We call this pattern of firing neu¬ 
rons an active representation. A latent 
representation of a face must also be 
stored in the brain, probably as a spe¬ 
cial pattern of synaptic connections be¬ 
tween neurons [see “How Neural Net¬ 
works Learn from Experience,” by Geoff¬ 
rey E. Hinton, page 104]. For example, 
you probably have a representation of 
the Statue of Liberty in your brain, a 
representation that usually is inactive. 
If you do think about the Statue, the 
representation becomes active, with the 
relevant neurons firing away. 

.An object, incidentally, may be repre¬ 
sented in more than one way—as a vi¬ 
sual image, as a set of words and their 
related sounds, or even as a touch or a 
smell. These different representations 
are likely to interact with one another. 
The representation is likely to be dis¬ 
tributed over many neurons, both lo¬ 
cally, as discussed in Geoffrey E. Hin¬ 
ton's article, and more globally. Such a 
representation may not be as simple 
and straightforward as uncritical intro¬ 
spection might indicate. There is sug¬ 
gestive evidence, partly from studying 
how neurons Are m various parts of 
a monkey's brain and partly from ex¬ 
amining the effects of certain types of 
brain damage in humans, that different 
aspects of a face—and of the implica¬ 
tions of a face—may be represented in 
different parts of the brain. 

First, there is the representation of a 
face as a face: two eyes, a nose, a mouth 
and so on. The neurons involved are 
usually not too fussy about the exact 
size or position of this face in the visual 
held, nor are they very sensitive to small 
changes in its orientation. In monkeys, 


there are neurons that respond best 
when the face is turning in a particular 
direction, while others seem to be more 
concerned with the direction in which 
the eyes are gazing. 

Then there are representations of the 
parts of a face, as separate from those 
for the face as a whole. Further, the im¬ 
plications of seeing a face, such as that 
person's sex, the facial expression, the 
familiarity or unfamiliarity of the face, 
and in particular whose face it is, may 
each be correlated with neurons firing 
in other places. 

What we are aware of at any moment, 
in one sense or another, is not a simple 
matter. We have suggested that there 
may be a very transient form of fleeting 
awareness that represents only rather 
simple features and docs not require an 
attentional mechanism. From this brief 
awareness the brain constructs a viewer- 
centered representation—what we see 
vividly and clearly—that does require 
attention. This in turn probably leads 
to three-dimensional object representa¬ 
tions and thence to more cognitive ones. 

Representations corresponding to viv¬ 
id consciousness are likely to have spe¬ 
cial properties. William James thought 
that consciousness involved both at¬ 
tention and short-term memory. Most 
psychologists today would agree with 
this view. Jackendoff writes that con¬ 
sciousness is “enriched" by attention, 
implying that while attention may not 
be essential for certain limited types of 
consciousness, it is necessary for full 
consciousness. 

Yet it is not clear exactly which forms 
of memory are involved. Is long-term 
memory needed? Some forms of ac¬ 
quired knowledge are so embedded in 
the machinery of neural processing that 
they are almost certainly used in becom¬ 
ing aware of something. On the other 
hand, there is evidence from studies of 
brain damaged patients (such as H.M., 
described in *'The Biological Basis of 
Learning and Individuality," by Eric R. 
Kan del and Robert D. Hawkins, page 
52) that the ability' to lay down new 
long-term episodic memories is not es¬ 
sential for consciousness. 

It is difficult to imagine that anyone 
could be conscious if he or she had no 
memory whatsoever of what had just 
happened, even an extremely short one. 
Visual psychologists talk of iconic mem¬ 
ory, which lasts for a fraction of a sec¬ 
ond, and working memory 7 (such as that 
used to remember a new telephone 
number) that lasts for only a few sec¬ 
onds unless it is rehearsed. It is not 
clear whether both of these are essential 
for consciousness. In any case, the divi¬ 
sion of short-term memory' into these 
two categories may be too crude. 
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If these complex processes of visual 
awareness arc localized in parts of the 
brain, which processes are likely to be 
where? Many regions of the brain may 
be involved, but it is almost certain that 
the cerebral neocortex plays a dominant 
role. Visual Information from the retina 
reaches the neocortex mainly by way 
of a part of the thalamus (the lateral 
geniculate nucleus); another significant 
visual pathway from the retina is to the 
superior colliculus, at the top of the 
brain stem. 

The cortex in humans consists of 
two intricately folded sheets of nerve 
tissue, one on each side of the head. 
These sheets are connected 
by a large tract of about half 
a billion axons called the 
corpus callosum. It is well 
known that if the corpus cal¬ 
losum is cut, as is done for 
certain cases of intractable 
epilepsy, one side of the 
brain is not aware of what 
the other side is seeing. 

In particular, the left side 
of the brain (in a right-hand¬ 
ed person) appears not to be 
aware of visual information 
received exclusively by the 
right side. This shows that 
none of the information re¬ 
quired for visual awareness 
can reach the other side of 
the brain by traveling down 
to the brain stem and, from 
there, back up. In a nor¬ 
mal person, such informa¬ 
tion can get to the other 
side only by using the axons 
in the corpus callosum. 

A different part of the 
brain—the hippocampal sys¬ 
tem—is involved in one-shot, 
or episodic, memories lhaL, 
over weeks and months, it 
passes on to the neocortex, 
as described in the article by 
Eric R. Kandel and Robert D, 

Hawkins. This system is so placed that 
it receives inputs from, and projects to, 
many parts of the brain. 

Thus, one might suspect that the hip¬ 
pocampal system is the essential seat 
of consciousness. This Ls not the case: 
evidence from studies of patients with 
damaged brains shows that this system 
is not essential for visual awareness, al¬ 
though naturally a patient lacking one, 
such as H.M., is severely handicapped in 
everyday life because he cannot remem¬ 
ber anything that took place more than 
a minute or so in the past. 

In broad terms, the neocortex of alert 
animals probably acts in two ways. By 
building on crude and somewhat redun¬ 
dant wiring, produced by our genes and 


by embryonic processes [see “The De¬ 
veloping Brain,” by Carla J. Shatz, page 
34], the neocortex draws on visual and 
other experience to slowly “rewire” itself 
to create categories (or “features") it can 
respond to. A new category is not fully 
created in the neocoitex after exposure 
to only one example of it, although 
some small modifications of the neural 
connections may be made. 

The second function of the neocor¬ 
tex (at least of the visual part of it) is to 
respond extremely rapidly to incoming 
signals. To do so, it uses the categories 
it has learned and tries to find the com¬ 
binations of active neurons that, on the 


basis of its past experience, are most 
likely to represent the relevant objects 
and events in the visual world at that 
moment. The formation of such coali¬ 
tions of active neurons may also be in¬ 
fluenced by biases coming from other 
parts of the brain: for example, signals 
telling it what best to attend to or high- 
level expectations about the nature of 
the stimulus. 

Consciousness, as James noted, is al¬ 
ways changing. These rapidly formed 
coalitions occur at different levels and 
interact to form even broader coali¬ 
tions. They are transient, lasting usual¬ 
ly for only a fraction of a second. Be¬ 
cause coalitions in the visual system 
are the basis of what we see, evolution 


has seen to it that they form as fast 
as possible; otherwise, no animal could 
survive. The brain is handicapped in 
forming neuronal coalitions rapidly be¬ 
cause, by computer standards, neurons 
act very slowly. The brain compensates 
for this relative slowness partly by us¬ 
ing very many neurons, simultaneous¬ 
ly and in parallel, and partly by arrang¬ 
ing the system in a roughly hierarchical 
manner. 

If visual awareness at any moment 
corresponds to sets of neurons firing, 
then the obvious question is: Where 
are these neurons located in the brain, 
and in what way are they firing? Visual 
awareness is highly unlikely 
to occupy ad the neurons in 
the neocortex that happen 
to be firing above their back¬ 
ground rate at a particular 
moment. We would expect 
that, theoretically, at least 
some of these neurons would 
be involved in doing compu¬ 
tations—trying to arrive at 
the best coalitions—while 
others would express the re¬ 
sults of these computations, 
in other words, what we see. 

F ortunately, some exper¬ 
imental evidence can 
be found to back up 
this theoretical conclusion. 
A phenomenon called binoc¬ 
ular rivalry may help identi¬ 
fy the neurons whose firing 
symbolizes awareness. This 
phenomenon can be seen in 
dramatic form in an exhibit 
prepared by Sally Duensing 
and Bob Miller at the Explo- 
ratorium in San Francisco. 

Binocular rivalry occurs 
when each eye has a differ¬ 
ent visual input relating to 
the same part of the visual 
field. The early visual system 
on the left side of the brain 
receives an input from both eyes but 
sees only the part of the visual field to 
the right of the fixation point. The con¬ 
verse is true for the right side. If these 
two conflicting inputs are rivalrous, one 
sees not the two inputs superimposed 
but first one input, then the other, and 
so on in alternation. 

In the exhibit, called “The Cheshire 
Cat,” viewers put their heads in a fixed 
place and are told to keep the gaze 
fixed. By means of a suitably placed mir¬ 
ror 1 see box on next two pages], one of 
the eyes can look at another person’s 
face, directly in front, while the other 
eye sees a blank white screen to the 
side. If the viewer waves a hand in front 
of this plain screen at the same location 
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in his or her visual held occupied by 
the face, the face is wiped out. The 
movement of the hand, being visually 
very salient, has captured the brain’s 
attention. Without attention the face 
cannot be seen. If the viewer moves the 
eyes, the face reappears. 

In some cases, only part of the face 
disappears. Sometimes, for example, 
one eye, or both eyes, will remain. If the 
viewer looks at the smile on the per¬ 
son’s face, the face may disappear, 
leaving only the smile. For this reason, 
the effect has been called the Cheshire 
Cat effect, after the cat in Lewis Car- 
roll’s Alice's Adventures in Wonderland. 

A Ithough it is very difficult to re- 
/\cord activity in individual neu- 
1 \ rons in a human brain, such 
studies can be done in monkeys. A 
simple example of binocular rivalry has 
been studied in a monkey by Nikos K. 
Logothetis and Jeffrey D. Schah, both 
then at M.I.T. They trained a macaque 
to keep its eyes still and to signal wheth¬ 
er it is seeing upward or downward 
movement of a horizontal grating. To 
produce rivalry, upward movement is 
projected into one of the monkey’s 
eyes and downward movement into the 
other, so that the two images overlap 
in the visual field. The monkey signals 
that it sees up and down movements 
alternatively, just as humans would. 
Even though the motion stimulus com¬ 
ing into the monkey's eyes is always 
the same, the monkey’s percept chang¬ 
es every second or so. 

Cortical area MT (which Semir Zeki 
calls in his article V5) is an area mainly 
concerned with movement. What do the 
neurons in MT do when the monkey’s 
percept is sometimes up and sometimes 
down? (The researchers studied only 
the monkey's first response.) The sim¬ 
plified answer—the actual data are rath¬ 
er more messy—is that whereas the fir¬ 
ing of some of the neurons correlates 
with the changes in the percept, for oth¬ 
ers die average firing rate is relatively 
unchanged and independent of which 
direction of movement the monkey is 
seeing at that moment. Thus, it is un¬ 
likely that the firing of all the neurons 
in the visual neocortex at one particu¬ 
lar moment corresponds to the mon¬ 
key’s visual awareness. Exactly which 
neurons do correspond remains to be 
discovered. 

We have postulated that when we 
clearly see something, there must be 
neurons actively firing that stand for 
what we see. This might be called the 
activity principle. Here, too, there is 
some experimental evidence. One ex¬ 
ample is the firing of neurons in corti¬ 
cal area V2 in response to illusory con¬ 


tours, as described by Zeki. Another 
and perhaps more striking case is the 
filling in of the blind spot. The blind 
spot in each eye is caused by the lack 
of photoreceptors in the area of the 
retina where the optic nerve leaves the 
retina and projects to the brain. Its lo¬ 
cation is about 15 degrees from the 
fovea (the visual center of the eye). Yet 
if you close one eye, you do not see a 
hole in your visual field. 

Philosopher Daniel C. Dennett of 
Tufts University is unusual among phi¬ 
losophers in that he is interested both 
in psychology and in the brain. This 
interest is much to be welcomed. In a 
recent book, Consciousness Explained, 
he has argued that it is wrong to talk 
about filling in. He concludes, correctly, 
that “an absence of information is not 
the same as information about an ab¬ 
sence." From this general principle he 
argues that the brain does not fill in 
the blind spot but rather ignores it, 

Dennett’s argument by itself, howev¬ 
er, does not establish that filling in 
does not occur; it only suggests that it 
might not. Dennett also states that 
“your brain has no machinery for [fill¬ 
ing in] at this location,” This statement 
is incorrect. The primary visual cortex 
(VI) lacks a direct input from one eye, 
but normal “machinery” is there to 
deal with the input from the other eye. 


Ricardo Gattass and his colleagues at 
the Federal University of Rio de Janeiro 
have shown that in the macaque some 
of the neurons in the blind-spot area 
of VI do respond to input from both 
eyes, probably assisted by inputs from 
other parts of the cortex. Moreover, in 
the case of simple filling in, some of 
the neurons in that region respond as 
if they were actively filling in. 

Thus, Dennett’s claim about blind 
spots is incorrect. In addition, psycho¬ 
logical experiments by Vilayanur S. Ra- 
machandran [see “Blind Spots," Scien¬ 
tific American, Mayl have shown that 
what is filled in can be quite complex 
depending on the overall context of the 
visual scene. How, he argues, can your 
brain be ignoring something that is in 
fact commanding attention? 

Filling in, therefore, is not to be dis¬ 
missed as nonexistent or unusual. It 
probably represents a basic interpola¬ 
tion process that can occur at many 
levels in the neocortex. It is, incidental¬ 
ly, a good example of what is meant by 
a constructive process. 

How r can we discover the neurons 
wliose firing symbolizes a particular 
percept? William T. Newsome and his 
colleagues at Stanford University have 
done a series of brilliant experiments 
on neurons in cortical area MT of the 
macaque’s brain. By studying a neuron 



The Cheshire Cat Experiment 

T his simple experiment with a mirror illustrates one aspect of visual aware¬ 
ness. It relies on a phenomenon called binocular rivalry, which occurs when 
each eye has a different input from the same part of the visual field. Motion in the 
field of one eye can cause either the entire image or parts of the image to be 
erased. The movement captures the brain’s attention. 
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in area MT, we may discover that it re¬ 
sponds best to very' specific visual fea¬ 
tures having to do with motion. A neu¬ 
ron, for instance, might fire strongly 
in response to the movement of a bar 
in a particular place in the visual field, 
but only when the bar is oriented at a 
certain angle, moving in one of the two 
directions perpendicular to its length 
within a certain range of speed. 

It is technically difficult to excite just 
a single neuron, but it is known that 
neurons that respond to roughly the 
same position, orientation and direction 
of movement of a bar tend to be located 
near one another in the cortical sheet. 
The experimenters taught the monkey a 
simple task in movement discrimination 
using a mixture of dots, some moving 
randomly, the rest all in one direction. 
They showed that electrical stimulation 
of a small region in the right place in 
cortical area MT would bias the mon¬ 
key's motion discrimination, almost al¬ 
ways in the expected direction. 

Thus, the stimulation of these neu¬ 
rons can influence the monkey's behav¬ 
ior and probably its visual percept. Such 
experiments do not, however, show de¬ 
cisively that the firing of such neurons 
is the exact neural correlate of the per¬ 
cept. The correlate could be only a sub¬ 
set of the neurons being activated. Or 
perhaps the real correlate is the firing 


of neurons in another part of the visual 
hierarchy that are strongly influenced 
by the neurons activated in area MT. 

These same reservations apply also 
to cases of binocular rivalry. Clearly, the 
problem of finding the neurons whose 
firing symbolizes a particular percept is 
not going to be easy. It will take many 
careM experiments to track them down 
even for one kind of percept. 

I t seems obvious that the purpose 
of vivid visual awareness is to feed 
into the cortical areas concerned 
with the implications of what we see; 
from there the information shuttles on 
the one hand to the hippocampal sys¬ 
tem, to be encoded (temporarily) into 
long-term episodic memory, and on the 
other to the planning levels of the mo¬ 
tor system. But is it possible to go from 
a visual input to a behavioral output 
without any relevant visual aw r areness? 

That such a process can happen is 
demonstrated by the remarkable class 
of patients with “blindsight.” These pa¬ 
tients, all of whom have suffered dam¬ 
age to their visual cortex, can point with 
fair accuracy at visual targets or track 
them with their eyes while vigorously 
denying seeing anything. In fact, these 
patients are as surprised as their doc¬ 
tors by their abilities. The amount of 
information that “gets through,” how- 


To observe the effect, a viewer divides the field of vision with a mirror placed 
between the eyes (a). One eye sees the cat; the other eye a reflection in the mirror 
of a white wall or background. The viewer then waves the hand that corresponds 
to the eye looking at the mirror so that the hand passes through the area in which 
the image of the cat appears in the other eye (b). The result is that the cat may 
disappear. Or if the viewer was attentive to a specific feature before the hand was 
waved, those parts—the eyes or even a mocking smile—may remain (c). 



ever, is limited: blindsight patients have 
some ability to respond to wavelength, 
orientation and motion, yet they cannot 
distinguish a triangle from a square. 

It is naturally of great interest to 
know w r hich neural pathways are being 
used in these patients. Investigators 
originally suspected that the pathway 
ran through the superior colliculus. Re¬ 
cent experiments suggest that a direct 
albeit weak connection may be involved 
between the lateral geniculate nucleus 
and other cortical areas, such as V4. It 
is unclear whether an intact VI region 
is essential for immediate visual aware¬ 
ness. Conceivably the visual signal in 
blindsight Is so weak that the neural 
activity cannot produce awareness, al¬ 
though it remains strong enough to got 
through to the motor system. 

Normal-seeing people regularly re¬ 
spond to visual signals without being 
fully aware of them. In automatic ac¬ 
tions, such as swimming or driving a 
car, complex but stereotypical actions 
occur with little, if any, associated visu¬ 
al awareness. In other cases, the infor¬ 
mation conveyed is either very limited 
or very attenuated. Thus, while we can 
function without visual awareness, our 
behavior without it is rather restricted. 

Clearly, it takes a certain amount of 
time to experience a conscious percept. 
It is difficult to determine just how 
much lime is needed for an episode 
of visual awareness, but one aspect of 
the problem that can be demonstrated 
experimentally is that signals received 
dose together in time are treated by 
the brain as simultaneous. 

A disk of red light is flashed for, say, 
20 milliseconds, followed immediately 
by a 20-millisecond flash of green light 
in the same place. The subject reports 
that he did not see a red light followed 
by a green light. Instead he saw a yellow 
light, just as he would have if the red 
and the green light had been flashed si¬ 
multaneously. Yet the subject could not 
have experienced yellow until after the 
information from the green flash had 
been processed and integrated with the 
preceding red one. 

Experiments of this type led psycholo¬ 
gist Robert Efron, now at the University 
of California at Davis, to conclude that 
the processing period for perception is 
about 60 to 70 milliseconds. Similar 
periods are found in experiments with 
tones in the auditory* system. It is al¬ 
ways possible, however, that the pro¬ 
cessing times may be different in higher 
parts of the visual hierarchy and in oth¬ 
er parts of the brain. Processing is also 
more rapid in trained, compared with 
naive, observers. 

Because it appears to be involved in 
some forms of visual awareness, it 
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would help if we could discover the neu¬ 
ral basis of attention. Eye movement is a 
form of attention, since the area of the 
visual field in which we see with high 
resolution is remarkably small, rough¬ 
ly the area of the thumbnail at arm's 
length. Thus, we move our eyes to gaze 
directly at an object in order to see it 
more clearly. Our eyes usually move 
three or four times a second. Psycholo¬ 
gists have shown, however, that there 
appears to be a faster form of atten¬ 
tion that moves around, in some seme, 
when our eyes are stationary. 

The exact psychological nature of 
this faster attentions! mechanism is at 
present controversial. Several neurosci¬ 
entists, however, including Robert De¬ 
simone and his colleagues at the Na¬ 
tional Institute of Mental Health, have 
shown that the rate of firing of certain 
neurons in the macaque's visual system 
depends on what the monkey is attend¬ 
ing to in the visual held. Thus, attention 
is not solely a psychological concept; it 
also has neural correlates that can he ob¬ 
served. Several researchers have found 
that the pulvmar, a region of the thala¬ 
mus, appears to be involved in visual 
attention. We would like to believe that 
the thalamus deserves to be called “the 
organ of attention,” but this status has 
yet to be established. 



OPTICAL ILLUSION devised by Vilayanur S. Ramachandran illustrates the brain's 
ability to fill in t or construct, visual information that is missing because it falls on 
the blind spot of the eye. When you look at the patterns of broken green bars, the 
visual system produces two illusory contours defining a vertical strip. Now shut 
your right eye and focus on the white square in the green series of bars. Move the 
page toward your eye until the blue dot disappears (roughly six inches in front of 
your nose). Most observers report seeing the vertical strip completed across the 
blind spot, not the broken line. Try the same experiment with the series of just 
three red bars. The illusory vertical contours are less well defined, and the visual 
system lends to fill in the horizontal bar across the blind spot. Thus, the brain fills 
in differently depending on the overall context of the image. 


T he major problem is to find what 
activity in the brain corresponds 
directly to visual awareness. It 
has been speculated that each cortical 
area produces awareness of only those 
visual features that are "columnar,” or 
arranged in the stack or column of 
neurons perpendicular to the cortical 
surface. Thus, area VI could code for 
orientation and area MT for motion. So 
far, as Zeki has explained, experimen¬ 
talists have not found one particular 
region in the brain where all the infor¬ 
mation needed for visual awareness ap¬ 
pears to come together. Dennett has 
dubbed such a hypothetical place “The 
Cartesian Theater.” He argues on theo¬ 
retical grounds that it does not exist. 

Awareness seems to be distributed 
not just on a local scale, as in some of 
the neural nets described by Hinton, 
but more widely over the neocortcx. 
Vivid visual awareness is unlikely to be 
distributed over every cortical area be¬ 
cause some areas show no response to 
visual signals. Awareness might, for ex¬ 
ample, be associated with only those 
areas that connect back directly to VI 
or alternatively with those areas that 
project into each other 3 s layer 4. (The 
latter areas are always at the same level 
in the visual hierarchy.) 

The key issue, then, is how the brain 
forms its global representations from 
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BRIEF FLASHES of colored light enable researchers to infer the minimum time re¬ 
quired for visual awareness. A disk of red light is projected for 20 milliseconds (a), 
followed immediately by a 20-millisecond flash of green light ( b ). But the observer 
reports seeing a single flash of yellow (c), the color that would be apparent if red and 
green were projected simultaneously. The subject does not become aware of red fol¬ 
lowed by green until the length of the flashes is extended to 60 to 70 milliseconds. 


visual signals. If attention is indeed cru¬ 
cial for visual awareness, the brain could 
form representations by attending to 
just one object at a time, rapidly mov¬ 
ing from one object to the next. For ex¬ 
ample, the neurons representing all the 
different aspects of the attended object 
could all fire together very rapidly for a 
short period, possibly in rapid bursts. 

This fast, simultaneous firing might 
not only excite those neurons that sym¬ 
bolized the implications of that object 
but also temporarily strengthen the rel¬ 
evant synapses so that this particular 
pattern of firing could be quickly re¬ 
called—a form of short-term memo¬ 
ry. (If only one representation needs to 
be held in short-term memory, as in 
remembering a single task, the neurons 
involved may continue to fire for a pe¬ 
riod, as described by Patricia S. Gold- 
man-Rakic in “Working Memory and the 
Mind,” page 72.) 

A problem arises if it is necessary to 
be aware of more than one object at ex¬ 
actly the same time. If all the attributes 
of two or more objects were represent¬ 
ed by neurons firing rapidly, their at¬ 
tributes might be confused. The color 
of one might become attached to the 
shape of another. This happens some¬ 
times in very brief presentations. 

Some time ago Christoph von der 
Malsburg, now at the Ruhr-Universi- 
tat Bochum, suggested that this dif¬ 
ficulty would be circumvented if the 
neurons associated with any one object 
all fired in synchrony (that is, if their 
times of firing were correlated) but 
out of synchrony with those represent¬ 
ing other objects. More recently, two 
groups in Germany reported that there 
does appear to be correlated firing be¬ 
tween neurons in the visual cortex of 
the cat, often in a rhythmic manner, 
with a frequency in the 35- to 75-hertz 
range, sometimes called 40-hertz, or y, 
oscillation. 

Von der Malsburg’s proposal prompt¬ 
ed us to suggest that this rhythmic and 
synchronized firing might be the neural 
correlate of awareness and that it might 
serve to bind together activity in differ¬ 
ent cortical areas concerning the same 
object. The matter is still undecided, but 
at present the fragmentary experimental 
evidence does rather little to support 
such an idea. Another possibility is that 
the 40-hertz oscillations may help dis¬ 
tinguish figure from ground [see “The 
Legacy of Gestalt Psychology," by Irvin 
Rock and Stephen Palmer; Scientific 
American, December 1990] or assist 
the mechanism of attention. 

Are there some particular types of 
neurons, distributed over the visual neo¬ 
cortex, whose firing directly symbolizes 
the content of visual awareness? One 


very simplistic hypothesis is that the 
activities in the upper layers of the cor¬ 
tex are largely unconscious ones, where¬ 
as the activities in the lower layers (lay¬ 
ers 5 and 6) mostly correlate with con¬ 
sciousness. We have wondered whether 
the pyramidal neurons in layer 5 of the 
neocortex, especially the larger ones, 
might play this latter role. 

These are the only cortical neurons 
that project right out of the cortical 
system (that is, not to the neocortex, the 
thalamus or the claustrum). If visual 
awareness represents the results of 
neural computations in the cortex, one 
might expect that what the cortex sends 
elsewhere would symbolize those re¬ 
sults. Moreover, the neurons in layer 5 
show a rather unusual propensity to 
fire in bursts. The idea that the layer 5 
neurons may directly symbolize visu¬ 
al awareness is attractive, but it still is 
too early to tell whether there is any¬ 
thing in it. 

Visual awareness is clearly a difficult 
problem. More work is needed on the 
psychological and neural basis of both 
attention and very short term memory. 
Studying the neurons when a percept 
changes, even though the visual input 
is constant, should be a powerful ex¬ 
perimental paradigm. We need to con¬ 


struct neurobiological theories of visu¬ 
al awareness and test them using a com¬ 
bination of molecular, neurobiological 
and clinical imaging studies. 

We believe that once we have mas¬ 
tered the secret of this simple form of 
awareness, we may be close to under¬ 
standing a central mystery of human 
life: how the physical events occurring 
in our brains while we think and act in 
the world relate to our subjective sensa¬ 
tions—that is, how the brain relates to 
the mind. 
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SCIENCE AND BUSINESS 




JOHN C. SORENSON displays yellow squash genetically engineered by Asgrow to re¬ 
sist viruses. Stunted plants nearby are unaltered . Photo: Peter Yates. 


Hot Potato 

Will safety questions curb public 
appetite for gene-spliced food? 

W hile some companies were fo¬ 
cusing on the enormous po¬ 
tential of gene splicing to pro¬ 
duce new drugs from modified cells, 
other entrepreneurs saw in biotechnol¬ 
ogy the promise of a second “Green 
Revolution." A group of small start-ups, 
agricultural chemical giants, seed pro¬ 
ducers and food processors devoted 
their efforts to developing plants with 
new genetic traits of value to consum¬ 
ers and farmers, such as better nutri¬ 
tion and taste, longer shelf life and re¬ 
sistance to diseases and pesticides. 

Nearly a decade after the first drug 
produced by biotechnology received 
marketing approval from the Food and 
Drug Administration, genetically engi¬ 
neered foods still await their debut. Ag¬ 
ricultural biotechnology firms are find¬ 
ing that the same science that lifts 
hopes in the clinic raises fears around 
the kitchen table. Top New York City 
chefs are loudly threatening to boycott 
what one wag has dubbed “Franken- 
f'ood," and groups critical of biotechnol¬ 
ogy, such as Jeremy Rifkin's Foundation 
on Economic Trends, promise legal chal¬ 
lenges to the fda. 

Apprehensions about the safety of 
genetically engineered foods began flar¬ 
ing like a grease fire in a deep fryer 
when the fda announced in late May 
that plants modified by genetic engi¬ 
neering will in most cases be treated 
just like any ordinary garden variety. 
New plants, whether they are produced 
through techniques of biotechnology 
or conventional breeding, do not re¬ 
quire any special review to gain market 
approval, the agency decreed. The fda 
also decided that genetically engineered 
foods need not be labeled as such sim¬ 
ply because they are produced by that 
process. Changes that result in prod¬ 
ucts significantly different from what 
consumers expect—for instance, high-fi- 
her potatoes or oranges low in vitamin 
C—will warrant some kind of informa¬ 
tional labeling, the fda says. 

Critics charge that the public has the 
right to know' what it is buying. They 
point out that the fda currently leaves 
the responsibility for food safety to pro¬ 
ducers, and they question the wisdom 


of extending that trust to purveyors of 
unproved technology. “The fda is count¬ 
ing on companies' coming to them; oth¬ 
erwise, they're saying you don't have 
to talk to us," declares Rebecca J. Gold- 
burg, senior scientist at the Environ¬ 
mental Defense Fund (EDF). 

The New York-based environmental 
group has proposed its own ideas for 
safety' and labeling rules under the title 
A Mutable Feast: Assuring Food Safety 
in the Era of Genetic Engineering, “While 
I don't think most genes will be haz¬ 
ardous, I do think we have to look for 
exceptions, not the rule," Goldburg says. 
The EDF is particularly concerned about 
plants engineered to contain pesticides; 
it also fears that the potential for allergy 
problems will rise as genes are trans¬ 
ferred among organisms. Rifkin plans 
to emphasize allergenicity in his Pure 
Food campaign as well 

For their part, companies say the 
technology' to insert new genes permits 
them to do what plant breeders have 
been doing for thousands of years— 
only more rapidly and with greater spec¬ 
ificity. “Single-gene modifications are 
actually less likely to cause unexpected 
negative traits than is traditional breed¬ 


ing because far less genetic material is 
exchanged," asserts Vic C. Knauf, vice 
president for research at Calgene in 
Davis, Calif. 

The first genetically engineered veg¬ 
etable is slated to appear at the pro¬ 
duce counter in mid-1993 or early 1994. 
The Flavor Saver tomato engineered by 
Calgene contains “antisense" RNA se¬ 
quences to block production of an en¬ 
zyme that hastens rotting. Other food 
crops that various companies are cur¬ 
rently field-testing include squash, can¬ 
taloupe, cucumbers, potatoes, com and 
such oilseeds as cotton and canola [see 
box on opposite page ]. 

Beyond the first wave of bioengi¬ 
neered plants is a “more complex and 
subtle second generation" that will not 
approach market for another five to 
10 years, says John C. Sorenson, execu¬ 
tive director of vegetable research for 
Asgrow Seed Company in Kalamazoo, 
Mich. “We’re now moving to understand 
the metabolic basis of plant disease 
and to interfere with that process," he 
notes. In addition, some laboratories— 
for instance, the U*S. Department of 
Agriculture’s Agricultural Research Ser¬ 
vice in Lubbock, Tex.—are experiment- 
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mg with “ thermostat” genes believed to 
determine the narrow ranges of temper¬ 
ature at which plants grow best. Trans¬ 
fer of these traits and others, including 
resistance to drought, salt and even 
heavy metals, could help crops grow 
on land that is currently not arable. 

Now that scientists are beginning to 
reap the benefits of agricultural bio¬ 
technology, companies and regulators 
alike are eager to soothe public con¬ 
cerns. “It isn't that we’re not asserting 
authority and giving everything away," 
argues Eric L. Flamm s a microbiologist 
in the fda's Office of Biotechnology. It 
just happens that most of the modifi¬ 
cations we know of are trivial from a 
public health point of view.” Although 
regulators insist genetically engineered 
plants are not inherently dangerous, 
neither are the foods inevitably safe, 
they concede. The same legal provi¬ 
sions allowing the fda to prevent sales 
of contaminated shellfish could also 
be used to yank a genetically engi¬ 
neered product, Flamm says. “Every¬ 
body knows—one phone call and it's 
off the market,” he adds. 

To fend off critics, the fda has al¬ 
ready issued guidelines on potential 
problem areas for genetically engi¬ 
neered crops. Companies should first 
consider the basic characteristics of a 
new substance, the agency advises. 
Something substantially similar to the 
proteins, fats and carbohydrates al¬ 
ready in the diet would generally be 
considered safe. But in some cases— 
for instance, when a protein's function 
is unknown or unusual—that substance 
might be subject to regulation as a 
food additive. Two sweeteners being 
considered for development in plants, 
thaumatin and monellin, are likely to 
incur such scrutiny, Flamm says. Un¬ 
like most sweet substances, which are 
carbohydrates, these are proteins. 

hi addition, Flamm warns that com¬ 
panies should be aware of, and look 
for, natural toxins likely to be found in 
both the parent plant and the organism 
donating genetic material. For example, 
plant breeders routinely monitor new 
varieties of squash* celery’ and pota¬ 
toes, which are notorious for produc¬ 
ing toxic metabolites. 

The fda also w r ants companies to en¬ 
sure that engineered plants have the 
same range of nutrients as do conven¬ 
tional varieties. The agency says it will 
come down hardest on potential al¬ 
lergens. “Our concept is if you're mov¬ 
ing a gene from an allergen, you are 
moving the allergen*” Flamm declares. 
Plants modified with DNA from wheat, 
nuts, legumes, milk, eggs and shell¬ 
fish will require labeling unless compa¬ 
nies can conclusively prove the new r 


food inherits no allergenicity, he says. 

Some developers of genetically engi¬ 
neered plants do not object to labeling 
requirements. Calgene, for one, plans to 
highlight the fact so consumers know 
why Flavor Saver will cost three to four 
times the going rate for a store-bought 
tomato. But labeling agricultural com¬ 
modities, such as grains, would present 
problems* says Edward W. Raleigh, Du 
Font’s manager of biotechnology regu¬ 
latory affairs. “It’s one thing to label an 
identity-preserved product and quite 
another to label something that is pro¬ 
cessed industrially, like com ” he notes. 
There are so many truckloads, grain el¬ 
evators and vats between the farm and 
the consumer that tracking a shipment 
of gene-spliced com all the way to a 
tortilla chip or bottle of oil would be al¬ 
most impossible. 

Moreover, it is still unclear precisely 
what kind of information consumers 
want from labeling of genetically engi¬ 
neered food, says Alan Goldhammcr, di¬ 
rector of technical affairs for the Indus¬ 
trial Biotechnology .Association in Wash¬ 
ington, D.C, Do they want to know if 
a gene put into a tomato comes from 
a soybean? Do they want to know that 
an enzyme called polygalacturonase 
is being blocked with antisense RNA? 
“There is now a way of assuring safety 
of genetically engineered plants* 1 ’ Gold- 
hammer declares. “It is easy to commu¬ 


nicate on a scientific level; our chal¬ 
lenge now is to communicate to the so¬ 
ciety at large,” he says. 

Even the Agricultural Biotechnology 
Research Advisory Committee* which 
reviews field-trial requests submitted 
to the usd a, could use some tutoring, 
observes Alvin Young, director of the 
usda's Office of Agricultural Biotechnol¬ 
ogy. “From a scientist’s point of view, a 
gene is just a functional unit that caus¬ 
es certain reactions,” Young says. He 
acknowledges that there are deeper is¬ 
sues to be addressed. “We need some 
really good thinkers” to assist regula¬ 
tors in their responses to societal con¬ 
cerns about agricultural biotechnology, 
he emphasizes. 

To get the bah rolling, Young has 
asked W. Steven Burke of the North Car¬ 
olina Biotechnology Center in Research 
Triangle Park to prepare a set of draft 
guidelines. Young intends to use the 
document, when it is submitted next 
March, to open up the first major dis¬ 
cussion on ethics and personal, cultur¬ 
al and community beliefs surrounding 
genetically engineered food. If educa¬ 
tion makes consumers more comfort¬ 
able with the idea of moving genes, 
then public awareness programs may 
well ease acceptance of agricultural 
biotechnology. Yet logic is rarely a 
match for instinct, especially when it 
comes to food. —Deborah Erickson 


Major Developers of Genetically Engineered Foods 

Asgrow Seed Company, Kalamazoo, Mich. Field-testing yellow squash, cucum¬ 
bers and cantaloupes genetically vaccinated against four common plant viruses. 
Also developing genes for resistance to fungus and bacteria to protect these 
and other fresh-market vegetables, including lettuce and carrots. 

Calgene, Davis, Calif. Flavor Saver tomato with "antisense" RNA that allows vine 
ripening and longer shelf life will debut commercially, possibly in 1993. Testing 
canola (rapeseed) engineered to produce laurates and stearates found in 
tropical oils* for food processing and soap manufacture. Has also modified 
canola to produce a highly hydrogenated oil for margarine. 

DNA Plant Technologies* Cirmaminson, N.J. Field-testing tomatoes that produce 
the enzyme chitinase* which repels fungi responsible for post-harvest rot, and 
tomatoes with an enzyme that extends vine ripening. Developing tomatoes 
with "antifreeze" genes from winter flounder. Also working with Du Pont on a 
genetically engineered canola that produces a high-temperature frying oil that 
is low in saturated fat. 

Monsanto, St. Louis, Mo. By incorporating genes from soil bacteria, the com¬ 
pany is developing a high-solids* low-moisture potato that wiil absorb less fat 
during deep frying and a tomato with delayed ripening. Also developing 
potatoes and tomatoes engineered to resist viral disease as well as potatoes 
protected against insects. Testing herbicide-resistant cottonseed for oil 

Pioneer Hi-Bred, Des Moines, iowa Testing sunflowers and canola with altered 
amino acid profiles to make oils that are more nutritious and lower in saturated 
fat. Also developing high-methionine soybeans for livestock feed* corn resistant 
to insects and disease* and alfalfa resistant to alfalfa mosaic virus. 
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Silver Lining 

S erendipity has been an infrequent visitor in the laboratories of high- 
temperature superconductor researchers struggling to turn the brittle 
ceramic materials into wires for real-world applications. But she appar¬ 
ently did drop by one day at the Superconductivity Technology Center at Los 
Alamos National Laboratory. 

There researchers were busily perfecting a new wire-manufacturing method 
they had devised. By packing superconducting ceramic powder into a silver 
tube and then drawing and heating it, they had managed to bond the mate¬ 
rials into a single solid thread. Unfortunately, their wire suffered the same 
fundamental flaws as had other designs. To conduct electricity without resis¬ 
tance, the wire would have required a cumbersome jacket to carry cooling 
liquid nitrogen. Nor had they solved the biggest challenge—cracking. Press¬ 
ing the thread into a tape gave a bit more stability, but the scientists were 
still far from a commercial product. 

"Suddenly we got the idea to turn the powder-in-aTube design inside out," 
recalls Dean E. Peterson, director of the Los Alamos center. Instead of stuff¬ 
ing the tube with superconductor, Peterson, along with David Korzekwa, 
John Bingert and Haskell Sheinberg, decided to use the ceramic as a coating. 
That way, they could benefit from the natural mechanical strength of a tube 
and use the hollow core as a passageway for coolant. To protect the semicon¬ 
ductor coating, the team decided to slip on another concentric silver tube; all 
three layers would be bonded by heating and the whole tube lengthened by 
drawing. “Until we actually built one, it was just a neat idea we weren't sure 
would work,” Bingert says. 

The researchers are now confident that their tube-within-a-tube forms a 
stronger, simpler wire that promises to perform well in the real world. Be¬ 
cause the metal layers protect the ceramic from within and without, the su¬ 
perconductor should be able to withstand the rigors of shipping and installa¬ 
tion. Unlike solid wires or tapes, which can be severed by an impact, cracks 
must completely encircle the tube to halt the flow of current. 

The team hopes to boost current-carrying capacity by building up concen¬ 
tric layers, like the rings of a tree. ”We can potentially make miles of wire of 
any diameter,” Peterson says. But joining lengths of multilayered wire may 
be a difficult endeavor, he admits, because any misalignment would cause 
energy loss. 

The team's choice of a bismuth-based ceramic the researchers call Bisco is 
critical to the tube’s success, notes James L. Smith, chief scientist at the Los 
Alamos center. When the researchers tested yttrium-based ceramic powders, 
the silver melted before the material formed the planar structure necessary 
for superconductivity. Other metals such as gold, copper, steel and platinum 
rendered the Bisco ceramic unable to superconduct. "The fact that Bisco and 
silver get along so well is a gift of nature," Smith declares. 

The tubes have many potential applications, the workers say, ranging from 
delivering current to powerful miniaturized motors to wiring up supercon¬ 
ducting magnets for maglev transportation. “We expect companies will come 
up with other ideas and improvements,” Korzekwa offers, if the work can be 
commercialized successfully, it appears that superconducting wire, once a 
wisp of a dream, will be round for a while. —Deborah Erickson 



SUPERCONDUCTING WIRE manufactured at Los Alamos National l aborato¬ 
ry benefits from tubular geometry, Photo: Fred Rick, 


The Hole Story 

Fine-pore membranes remove 
viruses from biological drugs 

O ne need not look too far into 
history 1 to find examples of bio¬ 
logical drugs that have given 
people other diseases. Some batches of 
yellow fever vaccine, for instance, were 
later discovered to contain avian leuko¬ 
sis virus. Just a few years ago growth 
hormone derived from human sources 
transmitted CreutzfeldTjakob's disease, 
a rare degenerative nerve condition Al¬ 
though such occurrences are rare, the 
risk of viral contamination is climbing 
as more therapeutic products are ex¬ 
tracted from tissues or grown in mam¬ 
malian cells. 

Membranes with ultra-tiny pores may 
be just what pharmaceutical firms need 
to eliminate the last traces of contami¬ 
nation. That is the contention of sever¬ 
al U.S. companies now developing the 
products, including Millipore, Pall and 
Micron Separations. 

Drugmakers currently rely on heat, 
ultraviolet light, low pH, irradiation and 
harsh chemicals to kill known potential 
contaminants such as the viruses that 
cause AIDS, hepatitis R and hepatitis C. 
“But to be absolutely sure, the best thing 
to do is to purify, kill, kill again and 
purify again," declares Curtis L. Scrib¬ 
ner, chief of the hematologic products 
branch of the Food and Drug Adminis¬ 
tration. When firms come to the agency 
seeking marketing approval for biologi¬ 
cal drugs, he explains, “we look for die 
ability of their purification steps to re¬ 
move several thousandfold more virus 
than they would expect to have in their 
initial product. 11 

Because viruses are always larger than 
proteins, membranes with fine pores 
can retain the contaminants while prod¬ 
uct flows through. The membranes are 
most effective when the drug and con¬ 
taminant are not close in size. Even in 
the best of circumstances, not all the 
protein comes through, says Paul J. 
Sekhri, product manager for the Vire- 
solvc membrane developed by Millipore, 
a bioseparations and analysis company 
in Bedford, Mass. Millipore works with 
pharmaceutical manufacturers to en¬ 
sure that they can recover at least 90 
percent of the protein they are making. 

The secret of the new membranes is 
extremely uniform pore size. Traditional 
membranes, in which pores are formed 
when solvent evaporates from a poly¬ 
mer, inevitably contain a small number 
of large pores. They might retain 99 per¬ 
cent of viral contaminants, “but that’s 
not good enough for the fda,” notes 
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jerold M. Martin, vice president of mar¬ 
keting for Pall llltra&ie Filtration Com¬ 
pany in East Hills, N.Y, 

Millipore’s Viresolve is different 
enough to have won a patent. The com¬ 
posite of two membranes—a support¬ 
ing layer with a fine skin cast over 
it—is also the first validatable product 
designed specifically foT virus removal. 
Users verify the membrane’s perfor¬ 
mance by presenting it with two im¬ 
miscible fluids, Sekhri explains* The ra¬ 


tio of fluids that pass through shares a 
one-to-one correlation with the amount 
of contaminant that will be removed. 

“The trick is going from biotechnol¬ 
ogy to bioprocessing,” says David W. 
Harm, vice president of marketing and 
sales for Micron Separations in West- 
borough, Mass. Certain products that 
could benefit from viral screen! ng—for 
instance, blood plasma and its deriva¬ 
tives—are produced in volumes of hun¬ 
dreds of liters, Hann points out. But 


most of the market for virus-removing 
membranes will be biopharmaceuticals 
given in small doses, A one-liter batch 
of interferon, for example, has a market 
value of $1.5 million. Milhpore’s Vire- 
solve currently accommodates runs of 
20 to 30 liters. 

Still, this fall Millipore plans to offer 
industry 10-foot-square membranes for 
large-volume applications. Sometimes, 
going with the flow requires a good 
deal of effort. Deborah Erickson 


Underground Allies 


P ublic and legislative pressure to reduce use of chem¬ 
ical pesticides has companies scrambling to develop 
alternatives. Biosys in Palo Alto, Calif., has come up 
with one that wriggles. The firm is breeding microscopic 
nematodes to battle insects underground, where 30 per¬ 
cent of the world’s major agricultural enemies spend at 
least part of their lives. Some types of nematodes are 
themselves destructive parasites of plants, but the Stein- 
ernema strain Biosys has selected feeds only on grubs 
and larvae that damage crops. 

Most biological pesticides, such as those based on bac¬ 
teria, are inactive until an insect comes along to eat them, 
observes Venkat 5. Sohoni, chief executive officer of 
Biosys. But the tiny, worm I ike organisms his company be¬ 
gan selling this year seek out their prey, guided by the 
carbon dioxide emissions of soil-borne insects. After en¬ 
tering through a body opening, the nematodes cause a 
lethal infection, assisted by symbiotic bacteria that also 
aid digestion. The host dies in a day or two and continues 
to provide food and lodging for several generations of 
nematodes. When the food is gone, the nematodes go 
forth in search of the next meal. They will travel as far as 
12 to 14 inches, never harming earthworms, whose cuti¬ 
cle is impenetrable to them. "If there is no pest, there is no 
progeny," Sohoni explains. 

Researchers have known about beneficial nematodes 
and the bacteria they carry for 50 years, but no one be- 



XTNKAT S. SOHONI of Biosys peers into a bioreactor full 
of nematodes. Photo: Douglas L. Peck. 


fore Biosys had been able to solve the breeding and scale- 
up problems necessary to create a marketable product. 
Commercializing the tiny predators "required looking at 
the world from the nematode’s point of view, 1 ’ says Milton 
J. Friedman, the firm’s vice president for research. The 
creatures are far more sensitive than are bacteria to tem¬ 
perature and pH, and they need more oxygen than do cul¬ 
tured cells. Because nematodes reproduce through male- 
female partnering, they require a fairly calm environment 
to couple. To complicate matters further, nematodes are 
pathogenic to insects only during the so-called infective 
juvenile stage of their development, which takes 16 to 18 
days to reach. 

When Biosys began commercialization, "one of the first 
things we did was sit around thinking what we’d make if a 
nematode came over to dinner,” Friedman recalls. The re^ 
search team decided on something like pancake batter. 
The emulsion, which includes raw egg yolks, soy flour 
and lecithin, supplies the desired fat and protein. The 
thick mixture can be churned throughout a fermenter, in¬ 
corporating oxygen without becoming too turbulent in a 
worm’s immediate environment. The billions of infectious 
nematodes strained from a 75,000-liter fermenter are 
enough to cover 5,000 acres of cropland with some 250 
organisms per square inch. 

At the moment, shipping and storing the living, breath¬ 
ing nematodes is accomplished by immobilizing them in a 
gel the consistency of solidified rubber cement. By pre¬ 
venting movement, the matrix reduces their oxygen needs 
and keeps the product fresher, longer. By next planting 
season, Biosys hopes to have developed a more conve- 
nient slurry formulation. The firm is also using DNA analy¬ 
sis to develop strains more tolerant of ultraviolet light. 

Over the next five years, many financial analysts expect 
Biosys, which was founded in 1983 with initial funding 
from Silicon Valley pioneers William Hewlett and David 
Packard, to capture a good bit of the $2-billion global mar¬ 
ket for antidotes to subterranean pests. The firm is court¬ 
ing such niche markets as citrus and cranberry farms. 
Meanwhile Ortho distributes the nematodes for consumer 
lawns and gardens, and Ciba-Ceigy sells them to commer¬ 
cial growers of turf and ornamental plants. 

A third big company is becoming familiar with Biosys 
technology'—corn processor Archer Daniels Midland has a 
contract to produce the nematodes at its new fermenta¬ 
tion facility through 1996. "It’s possible that we might be a 
takeover candidate, 11 Sohoni hints. If nematodes do as well 
as expected against conventional pesticides, it is quite 
likely a corporate giant will find Biosys as tasty as nema¬ 
todes find grubs. —Deborah Erickson 
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MINNEAPOLIS AFTER DARK is shown in this image from a 
Honeywell infrared camera that is mounted on a car (left). 


The car tights in the distance, as they appear through the 
windshield, can he seen in the photograph at the right , 


Defensive Driving 

Declassified infrared sensors 
may be an automotive option 


T he U.S. Army’s MI tank is 
equipped with forward-looking 
infrared detectors for spotting 
targets and enemy forces. During the 
Persian Gulf War, FLlRs, as they are 
called in military parlance, permitted 
die Allied tanks to roll into combat in 
pitch-blackness* The army buys these 
exotic thermal-imaging devices at costs 
that can climb to well above $100,000 
per unit. 

Two companies are beating electron¬ 
ic swords into plowshares. Texas Instru¬ 
ments and Honeywell are readying in¬ 
frared systems for the commercial mar¬ 
ket. By the turn of the decade, these 
systems might be sold in a consumer 
appliance store for the price of a cam¬ 
corder, They could be used in night- 
vision systems for automobiles, home 
security monitors and devices that fer¬ 
ret out insulation leaks. 

For more than five years, the compa¬ 
nies have held separate contracts with 
the army and other federal agencies to 
develop a new generation of lightweight, 
inexpensive infrared cameras that might 
one day be mounted on the barrel of 
an Ml6 rifle. The army’s night vision 
and electro-optics directorate recently 
declassified the program in hopes that 
a large civilian market for these systems 
will drive down the price of the cam¬ 
eras and because work on these systems 
is also progressing in Great Britain and 
Australia, 

Borrowing on their expertise in in¬ 
tegrated-circuit manufacturing, Texas 
Instruments and Honeywell were able 
to build a single microchip bearing 80 r 
000 thermal detector elements, each of 
which can pick up a variation in tem¬ 


perature (infrared radiation) of a tenth 
of a degree Celsius or less. The devic¬ 
es are sensitive enough and the con¬ 
trast between the thermal pixels sharp 
enough to yield a ghostly image that 
can reveal facial features, show the ar¬ 
teries in the neck or produce “thermal 
prints,” pictures of heat traces left af¬ 
ter touching a book or another object. 

Still, the cameras produce only a tenth 
of the thermal sensitivity provided by 
the expensive sensors mounted on an 
Ml tank or military aircraft. These so- 
called quantum detectors are built of 
materials such as mercury cadmium tel- 
hiride. Unlike the soon-to-be commercial 
cameras, mercury cadmium telluride de¬ 
tectors require costly and relatively un¬ 
reliable cryogenic systems to eliminate 
thermal noise. “The number of dollars 
that have gone into making this old¬ 
er technology' affordable is unbeliev¬ 
able—and we still don’t have an inex¬ 
pensive system, 1 ' says Norman A, Foss, 
who heads sensor research and devel¬ 
opment at Honeywell. 

Honeywell's device is one of the first 
near-commercial uses of a relatively new 
fabrication process called surface mi¬ 
cromachining. Employing the photo¬ 
lithographic, etching and other tech¬ 
niques of integrated-circuit manufac¬ 
turers, surface micromachining sculpts 
silicon into suspended structures on a 
microchip, Honeywell etched an array 
of 336 by 240 pixels out of vanadium 
oxide. Measuring about 50 microns on 
a side, each pixel is positioned between 
supporting structures by tiny posts 
that channel a current to and from the 
detector. The arrangement also provides 
thermal isolation. 

Infrared lenses focus the image on 
the detector array. A transistor on the 
same chip, one below each pixel, turns 
an electric current on and off 30 times 
a second. A change in incident ther¬ 
mal radiation on a pixel alters the re¬ 
sistance of the vanadium oxide, which 


in turn modifies the flow of the current. 

The technology' chosen by Texas In¬ 
struments relies on a barium strontium 
titanate ceramic. A laser—the same type 
used in semiconductor facilities to pare 
down the size of resistors and capaci¬ 
tors—etches out the individual pixels. 
The ceramic is a ferroelectric material, 
one on which an electrical charge chang¬ 
es when exposed to either an electric 
field or—in the case of this chip—varia¬ 
tions in temperature. When a pixel heats 
up or cools down, the change in charge, 
or capacitance, is sensed by various cir¬ 
cuit elements. 

For the moment, the Honeyweli man¬ 
ufacturing process is potentially less 
costly than laser etching because it re¬ 
lies on standard chip-making methods. 
But Texas Instruments is developing 
a similar production approach, and its 
camera is doser to the commercial mar¬ 
ket. The company has compressed lens¬ 
es, detectors and signal-processing elec¬ 
tronics into a single four-pound box. 
The Honeywell system consists of sev¬ 
eral small boxes connected by wires. 

Both Texas Instruments and Honey¬ 
well are working closely with a major 
automobile company, although neither 
will provide additional details, (Texas 
Instruments has a working agreement 
with General Motors and the automak¬ 
er’s defense subsidiary', Hughes Aircraft.) 
A camera with a dashboard-mounted 
display would not only double the field 
of view afforded by automobile head¬ 
lights, from about 15 to 30 degrees 
in the horizontal axis, but also allow 
a driver to see several times the dis¬ 
tance ahead, from 500 to, at most, over 
3,000 feet. 

Interest is also coming from insur¬ 
ance companies, which could use hand¬ 
held cameras to check house walls for 
“hot spots" caused by faulty electrical 
wiring. Infrared cameras could also be 
useful in home security systems, drug 
interdiction, police work and border 
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patrols. In fact, the army agonized over 
declassification because these devices 
might find their way into the hands of 
drug dealers or terrorists. "Drug deal¬ 
ers have more money than police de¬ 
partments/' comments James E. Miller, 
a physicist with the army's night \lsion 
and electro-optics directorate. 

Further shrinking the sensors and 
electronics might lead to infrared glass¬ 
es that would make it possible to take a 
stroll on the blackest of nights. Existing 
night-vision goggles have a drawback. 
They enhance only moonlight or o tlier 
low-illumination sources. Despite the 
depiction in the popular movie “The Si¬ 
lence of the Lambs/ 1 these goggles can¬ 
not function in total darkness. A pair 
of infrared glasses, though, would let a 
wearer extract an eerie light from the 
heat of the night. — Gary Stix 


See-Through View 

Virtual reality may 
guide physicians ' hands 

T he age-old dream of seeing 
through solid objects, a notion 
well ensconced in comic books 
and science fiction, has now inched a 
step closer to reality. Or rather a virtual 
reality. Henry' Fuchs, a professor of 
computer science at the University of 
North Carolina at Chapel Hill, and two 
graduate students, Mike Bajura and 
Ryutarou Ohbuchi, have drawn on the 
technology for creating simulated envi¬ 
ronments controlled by a computer to 
develop what may be a precursor to "x- 
ray vision" glasses for physicians. 

The view so far is not x-ray, but ul¬ 
trasound. The investigators took the 
stock-in-trade of virtual reality, a head- 
mounted display, to superimpose ul¬ 
trasonic images of a fetus onto a live 
video image of a pregnant woman's ab¬ 
domen. The video, on a liquid-crystal 
screen within the helmetlike display, 
shows what the viewer w r ould normally 
see. The ultrasound image, placed over 
the video image of the abdomen, pro¬ 
vides a window into the body. 

With such a system, a physician could 
gain an accurate spatial perspective of 
the position of a probe inside the body. 
To perform amniocentesis, for exam¬ 
ple, a doctor must make the difficult vi¬ 
sual correlation between the sonogram 
displayed on a bedside video monitor 
and the actual position of a needle as 
it enters the uterine cavity and moves 
into the amniotic sac. Similarly, physi¬ 
cians performing a needle biopsy could 
be more accurately guided by peering 
through the ultrasonic porthole. 


This technique differs from most 
earlier forms of virtual reality in which 
the observer looks at a fantasy world of 
three-dimensional graphic images gen¬ 
erated by a computer. 

Fuchs and Ms graduate students have 
taken virtual reality one step further by 
adding real-world images. In the first 
test, on a volunteer in her 38th week of 
pregnancy, a researcher wearing the dis¬ 
play observed the woman on the video 
while a technician moved an ultrasonic 
scanning instrument over her abdomen 
to produce two-dimensional images of 
the fetus. The ultrasonic images were 
projected onto the video in the proper 
spatial orientation. Coordination of the 
imagery was possible because a magnet¬ 
ic sensor on the ceiling tracked the posi¬ 
tion of the researcher's head and the ul¬ 
trasonic scanning device. The different 
images, with their correct spatial coordi¬ 
nates, were combined by a specialized 
graphics-processing computer. 

A more refined version of such a sys¬ 
tem could be a valuable tool for physi¬ 
cians. But the North Carolina team must 
first address the difficulties of fusing 
different kinds of live imagery'. One 
problem with the early system was that 
the ultrasound picture appeared to be 
pasted artificially on top of the abdo¬ 
men. Fuchs and his students respond¬ 
ed by creating a “virtual hole" in a sub¬ 
ject’s body. A sonogram can now re¬ 
side within what looks like a recessed 
pit, which is constructed with three-di¬ 
mensional graphics. 

A viewer looks at the mixed video- 
ultrasonic picture of the subject only 
through the left eye {the right liquid- 
crystal screen on the display is blank). 
The display will become more realistic 



when a second camera is placed on the 
he ad-mounted display in order to pro¬ 
duce stereoscopic imagery. The ultra¬ 
sound depiction also came from a two- 
dimensional scanner, although work on 
three-dimensional ultrasound is mov¬ 
ing ahead at other academic institu¬ 
tions, such as Duke University. What 
the viewer sees in the ultrasound pic¬ 
ture is a narrow' slice of gray imagery 
on a black background that is suspend¬ 
ed in space. "It's like Looking through a 
keyhole/ 1 Fuchs says. 

Other needs are improved head- 
mounted display resolution and a bet¬ 
ter sensor tracldng system, especially 
one able to predict where the viewer 
may be about to move the head so that 
the ultrasound image moves smoothly 
along with the video. 

Better and faster imagery will also 
come with continued improvements in 
the already blazing speed of the special¬ 
ized graphics computer used to create 
the images. The University of North 
Carolina already has one of the world's 
most powerful computers devoted to 
presenting graphic images in real time. 
Called Pixel-Planes 5, it is a parallel 
computer that contains more than 
320,000 one-bit processors. 

See-through displays may also prove 
their worth outside the medical field. A 
composite image, from video and mil¬ 
limeter-wavelength radar, could see 
through the smoke of a burning build¬ 
ing to find someone trapped inside. 
Graphic elements superimposed onto 
the fuselage of an aircraft could show a 
service technician the correct placement 
of hydraulic lines or electrical wiring. 
So virtual reality might be used to en¬ 
hance the real tiling. —Gary Stix 



WORLD WITHIN STANDS OUT by using 
a head-mounted display ( left) that might 
one day let a physician look through an 
expectant mothers abdomen by merging 
ultrasound and video imagery (above). 
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Economic Growth Factors 


T o hear this election season’s cam¬ 
paign speeches, it sounds as if 
President George Bush and Gov¬ 
ernor Bill Clinton agree on at least one 
point: an expanding economy is all-im¬ 
portant. Clinton has made growth the 
centerpiece of his package of economic 
goals. Political pundits warn Republi¬ 
cans that Bush will have a dour Novem¬ 
ber if he does not find ways to pump 
up the gross domestic product. 

Economists, in contrast, have not 
hopped en masse onto that bandwag¬ 
on. “Growth itself shouldn't be a goal,” 
demurs Allan H. Meltzer of Carnegie 
Mellon University'. Adds Samuel Bowles 
of the University of Massachusetts at 
Amherst: “A trite question, but one 
worth asking is: Growth of what and 
for whom?" 

These economists point out what the 
slogans omit. Designing policies that 
will bolster people’s quality of life is 
tricky business. "The attractiveness of 
growth is that it supports the optimism 
that the future will be better than the 
past," Bowles observes. But increasing¬ 
ly economists are clashing over what 
strategies can fulfill that vision. 

As Rudiger W. Dornbusch of the 
Massachusetts Institute of Technology 
points out, most economists were edu¬ 
cated to believe that steady improve¬ 
ments in growth—as measured by a 
robust gross domestic product—served 
all, albeit not equally. Many economists 
looked to the "rising tide” of growth to 
lift all boats. "The old view would have 
been that trickle-down works,” Dorn- 
busch says. 

In the wake of the past decade, Dorn- 
busch believes economists must reas¬ 
sess that faith in rising tides. During 
the 1980s, "growth had a savage re¬ 
distribution effect on the economy, 1 ' he 
suggests. “Growth per se isn’t enough.” 

Instead, Dornbusch argues, policies 
should aim to build future resources. 
“That means education is important,” 
he says. “You need a better and more 
explicit focus on not leaving people off 
the bus." Improving workers' skills and 
bolstering health care policies are also 
on his list. "Our poor economic perfor¬ 
mance is not the result of taxation but 
of an aggressive lack of attention to ed¬ 
ucation and skills,” he asserts. 

Although such points may be on every 


politician’s bps this season, Dornbusch 
is more willing to own up to the costs 
of such programs. "If money is intelli¬ 
gently spent on education, 1 wouldn’t 
worry too much about the budget def¬ 
icit,” he says. The national debt now 
amounts to about 50 percent of the 
GDP, he points out; it topped 120 per¬ 
cent in 1951. He underlines the need 
for fundamental plans to improve edu¬ 
cation: “The worst would be to increase 
teachers’ pay and do nothing else.” 

Other economists argue that inade¬ 
quate attention to growth—and a mush¬ 
rooming deficit—is responsible for the 
sluggish U.S. economy. “Policies since 
1980 have been well constructed to dis¬ 
courage growth in productive capacity/' 
suggests .Henry j. Aaron of the Brook¬ 
ings institution in Washington, D.C. Be¬ 
cause of slow growth "people have grad¬ 
ually been coming to the realization that 
their incomes are not increasing and 


Politicians proclaim 
growth is a key goal, 
but economists 
harbor doubts. 


they 're not likely to outstrip their par¬ 
ents,” he maintains. 

The government’s inattentiveness to 
training workers, educating children 
and supporting science and technology 
is particularly disturbing, Aaron says. 
“There are competing theories about 
what’s most important, but advance of 
science and technology and innovative 
management are on everybody’s list." 

The implications of even a modest 
boost in growth, Aaron suggests, are 
dramatic. Should growth rise from the 
annual 2 percent watermark to an aver¬ 
age rate of 2.5 percent over 20 years, 
national income would expand by $900 
billion more than it would otherwise. 
Such higher growth would mean fewer 
losers and many fewer large losers, he 
says. "It’s not accidental that social dis¬ 
content and divisiveness have increased 
as growth has slowed/' he asserts. 
“Growth makes it easier, not harder, to 
deal with inequality and poverty.” 

That not all people benefit from rising 
economic tides is true but hardly unique 


to the 1980s, Meltzer counters. “People 
not in the labor force, in a ‘culture of 
poverty, 1 have been around for a long 
time/' he says. Instead he advocates that 
the government loosen further the poli¬ 
cies that constrict consumers’ personal 
choices to save or to spend. 

Both the tax code and health care sub¬ 
sidies exemplify such stumbling blocks, 
Meltzer suggests. Because depredation 
is not pegged to rising inflation, inves¬ 
tors are reluctant to make long-term in¬ 
vestments, he says. Americans also over¬ 
indulge in health care services, he ar¬ 
gues, because “we’re giving away health 
care, so no one can see the cost of it. If 
we put less emphasis on preserving the 
life of the aged and more on youngsters 
and mothers, we'd be using our resourc¬ 
es better,” he contends. 

Despite gloomy prognostications, the 
U,5. economy is growing, Meltzer main¬ 
tains. "Our children and grandchildren 
will be richer than we are. We’re the 
poor relations of our children,” he de¬ 
clares. “We shouldn’t do things that 
subsidize them, and we shouldn’t pe¬ 
nalize them." 

Such arguments encounter stiff rebut¬ 
tals. There are fundamental differences 
between this and previous generations, 
Bowles insists. The belief that an econ¬ 
omy can grow endlessly is crumbling, 
he observes. Limited growth should 
force people to confront the problems 
caused by inequities in wealth. 

One result of the growth in inequi¬ 
ty since the 1970s, Bowles states, has 
been what he calls “invidious consump¬ 
tion," an appetite for consuming no¬ 
ticeably more than the Joneses. Rather 
than the reasonable aim of boosting 
the productivity of labor—more output 
per hour—people have mistakenly seen 
growth as an increase in total output, 
he declares. 

Bowles points to a curious historical 
note: two traditions of “growth" con¬ 
verged in the late 1700s—Adam Smith's 
theories of economic growth and the 
ideas about personal development that 
emerged from the Enlightenment "The 
idea that economic growth should pro¬ 
vide the inputs to human growth is 
morally and environmentally defensi¬ 
ble,” Bowles says. But in recent years, 
he adds, society and policies have 
treated economic growth as the goal. 
"This inversion of ends and means," 
Bowles asserts, “lies at the root of our 
problems.” — Elizabeth Corcoran 
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THE AMATEUR SCIENTIST conducted by Drew van Camp 


Neurons for Computers 


jk rtificial neural networks are com- 
/ \ puter models inspired by the 
/ structure and behavior of real 
neurons. Like the brain, they can rec¬ 
ognize patterns, reorganize data and, 
most interestingly, learn. The artificial 
networks are made up of objects called 
units, which represent the bodies of the 
neurons. The units are connected by 
links, which act as the axons and den¬ 
drites. The link multiplies the output 
from a unit by a weighting factor, a val¬ 
ue analogous to the connection strength 
at a synapse. The link then passes the 
weighted output value to another unit, 
which sums up the values passed to it 
by all other incoming links. If the total 
input value exceeds some threshold val¬ 
ue, the unit fires. 

Modifications in the firing pattern 
constitute the learning. In real neurons, 
learning is thought to occur in the syn¬ 
apses: when the connection strengths 
between synapses change, the firing be¬ 
havior of the network changes. In artifi¬ 
cial networks the learning occurs when 
the weighting factors on the links change 
[see “ How Neural Networks Learn from 
Experience,” by Geoffrey E. Hinton, 
page 104], 

Artificial neural networks are made up 
of three types of units. The input units 
take in information from the outside 
world. The output units send out signals 
that are visible to the external world. 
The hidden units act as go-betweens 
from the input to the output units; they 
neither receive input directly from the 
outside nor produce a visible output, 

.An illustration of a simple network 
appears at the right. The numbers in 
the units indicate threshold values. The 
values along the connecting lines are 
the link weights. Note that there can be 
shortcuts: some input connections can 
bypass the hidden unit. 

If one input unit Is presented with 1 
and the other with 0, then the input to 
the hidden unit will be (lx l) + (0x 1) 
= L But because this value is less than 
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ing neural-network simulators for vari¬ 
ous applications. 


the threshold value, the hidden unit 
will not fire (that is, it will have an out¬ 
put of 0). The values to the output unit 
will be (lx l) + (0x(-2)) + (0xl)= I, 
which is greater than the threshold val¬ 
ue of 0.5. The output unit will then fire. 

You may recognize that the logic in¬ 
volved mimics an “exclusive or” (XOR) 
gate. Specifically, if just one input unit 
is given the value of 1, then the net¬ 
work will produce an output value of 1. 
Otherwise, it will produce 0—that is, it 
will not fire. You will find that the oth¬ 
er three possible input patterns lead to 
the appropriate output results for an 
XOR gate as well. 

That you can model an XOR gate 
with an artificial neural network is not 
particularly exciting. By carefully select¬ 
ing the w f eights and thresholds of a suit¬ 
ably complex network, you can mod¬ 
el any logic function. What is exciting 
about such networks is that you do not 
have to choose the weights and thresh¬ 
olds, For our XOR gate, w r e could have 
started with any weight and threshold. 
Then, by repeatedly being shown the 
patterns of inputs and outputs, the net¬ 
work would learn the weights necessary 7 
to implement the XOR gate. Even more 
interesting, the network can generalize 
what it has learned. For large data sets, 
it can recognize patterns that it has not 
seen before. 


To create such a network, we need 
to make a few r modifications to our 
artificial neurons. First, the mathemat¬ 
ics used to train the network becomes 
much easier if we do not have to change 
both weights and thresholds during ihe 
learning. This is actually simple to do. 
Any unit with a positive threshold, T f 
and a certain number, n f of incoming 
links can be replaced by a unit with a 0 
threshold and n +1 links, where the ex¬ 
tra link has the weight of -T and comes 
from a unit that always fires (that is, 
produces an output of X). This trick is 
called biasing. .Artificial neural networks 
often introduce the bias unit, which is 
usually connected to every 7 unit in the 
network, to change the threshold into 
a weight. Representing the output of 
a unit as a sigmoid function also sim¬ 
plifies the math. The sigmoid is just a 
smooth approximation of a threshold 
function. 

.Although there are several ways to 
train a network, I chose a method from 
a particular class of algorithms called 
supervised learning (other types Include 
unsupervised learning and reinforce¬ 
ment learning). In supervised learning 
the weights of the network are adjust¬ 
ed in a manner that causes the actu¬ 
al outputs of the net to move closer to 
the desired outputs. One of the most 
successful of such training methods is 
the back-propagation algorithm. 

Hinton’s article gives a more detailed 
description of the technique. Briefly, 



ARTIFICIAL NEURAL NETWORK shown here represents an “exclusive or” (XOR) 
gate: the output unit fires only if an input unit is presented with a i. The numbers 
along the connections are weights t and those inside the units are threshold values. 
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Training an Artificial Neural Network 


A network learns by successive repetitions of a problem, making smaller 
errors with each iteration. The most commonly used function for the error is 
the sum of the squared errors of the output units: 


The variable d i is the desired output of unit i, and y t is its actual output, 
where y, is the sigmoid function 1/(1 + e _Jf ). To minimize the error, take the 
derivative of the error with respect to w :jl the weight between units / and j: 


dE 

dw,j 


= y i Yj^ ~ 


where - ( Yj - dj) for output units and l k w jk y k (] - y k )0 k for hidden 
units ( k represents the number of units in the next layer that unit j is con¬ 
nected to). Note that yr(l - Yj) is the derivative of the sigmoid function [see 
illustration on opposite page]. 

As you can see, the error can be calculated directly for the links going into 
the output units. For hidden units, however, the derivative depends on val¬ 
ues calculated at all the layers that come after it. That is, the value must be 
back-propagated through the network to calculate the derivatives. 

Using these equations, we can state the back-propagation algorithm as 
follows: 


■Choose a step size, 6 (used to update the weights). 

■ Until the network is trained, 

■ For each sample pattern, 

■ Do a forward pass through the net, producing an output pattern. 

■ For all output units, calculate 0j = (yj-dj). 

■ For all other units (from last layer to first), calculate £ using 
the calculation from the layer after it: 

h = vV’-va- 

■ For all weights in the network, change the weight by 

AWy = -8y i y,{] - y.)p ,. 
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INPUT PATTERNS HIDDEN UNIT OUTPUTS ACTUAL OUTPUTS 


1 

0 

0 

0 

0.03 

0.97 

0.91 

0.10 

0.00 

0.07 

0 

1 

0 

0 

0.98 

0.96 

0.07 

0,88 

0.06 

0.00 

0 

0 

1 

0 

0.91 

0.02 

0.00 

0.10 

0.91 

0.06 

0 

0 

0 

1 

0.03 

0.07 

0.07 

0.00 

0.09 

0.90 


4-2-4 ENCODER NETWORK compresses patterns. After the training period , the net¬ 
work accurately reproduced the input by representing the patterns essentially as bi¬ 
nary code (as revealed by the hidden units f 


for those who have a tolerance for ele¬ 
mentary calculus, you are taking the 
derivative of a function in order lo find 
the direction that minimizes the net¬ 
work's error. The function most com¬ 
monly used for the error is the sum of 
the squared errors of die output units. 
The box to the left lists the equations 
and the steps needed to implement the 
back-propagation algorithm. 

My first implementation was an au¬ 
to-encoder network. Such devices com¬ 
press patterns. For example, think of a 
network that has four input units, two 
hidden units and four output units (a 
4-2-4 encoder). When any input pat¬ 
tern is presented to the network* all 
four input values must be combined 
into the two hidden units. These two 
values must then be able to reproduce 
the original pattern of the four values 
in the output units. The entire four-val¬ 
ued input pattern thus must be encod¬ 
ed in the two hidden units. 

In the 4-2-4 encoder, note that ev¬ 
ery input is connected to every hid¬ 
den unit. Similarly, every hidden unit is 
connected to every output unit. The 
bias unit is connected to all the hid¬ 
den and output units (there is no need 
to connect the bias unit to the input 
units, as they will jusi reproduce the 
inputs). Each of the four patterns l 
wanted to train the network to recog¬ 
nize has one unit on and ihe three re¬ 
maining units off. 

Before I started training, I assigned 
random values between -1 and 1 for 
ihe initial weights. When I presented 
the four patterns to this untrained net¬ 
work, the total error (the value of E) 
varied between three and five (depend¬ 
ing on the initial weights). 

Training the network consisted of re¬ 
peatedly presenting the patterns to the 
network and updating the weights af¬ 
ter each presentation. 1 decided that 
the network reached an acceptable per¬ 
formance level when the total error 
of the four patterns was less than 0.1. 
Using this criterion, 1 found it took be¬ 
tween 800 and 2,000 presentations be¬ 
fore the network learned the task, de¬ 
pending on the step size, 6, for chang¬ 
ing the weights. Indeed, one of the 
trickiest parts in training the network 
was choosing 6. If t he value chosen is 
too low, the network will take a long 
Lime to converge. If the value is too high, 
the network behavior will be unstable 
and may never converge. Through trial 
and error, I came to use a value of 0.5. 
Although the network did not train 
quickly, it never blew up. 

Once the network was trained, I de¬ 
cided to see what kind of internal pat¬ 
terns it used to encode the presented 
patterns. The hidden units contained 
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SIGMOID FUNCTION, defined by the 
equation y = 1/(1 +e‘ x ), produces al¬ 
most the same output as an ordinary 
threshold (a step function) but is math¬ 
ematically simpler. Its derivative is 
dy/dx =y(l - y ). 


values such as 0.03, 0.97, 0.98 and 
0.07. Essentially, the network had de¬ 
veloped a binary code for the patterns. 

Finally, I decided to build a network 
that could learn arithmetic—specifical¬ 
ly, the addition of two three-bit bina¬ 
ry numbers. The input to the network 
would be the six binary’ digits specify¬ 
ing the two numbers to add. The out¬ 
put would be the four digits to which 
they summed (four digits are necessary 
in case a number carries over). 

Before building this network, 1 gen¬ 
erated a training set of 64 patterns. To 
be sure that the representations of the 
numbers in three-bit form were correct, 
I WTOte a short program that did the 
calculations and output all the train¬ 
ing patterns. Next, 1 had to determine 
the architecture of the network. Once 
again, I decided to use a single hidden 
layer, but I was not sure how r many units 
it should contain. That is because of a 


Network Parameters and Data Structures 


/•Network parameters*/ 
#define NUMJNPUT 4 

#define NUMJHIDDEN 2 

#define NUM.OUTPUT 4 

#define NUM.BIAS 1 

#define STEP.SIZE 0.5 


/•number of input units*/ 
/•number of hidden units*/ 
/•number of output units*/ 
/•number of bias units*/ 

/•step size for updating weights*/ 


Net */ 


/* Network data structures: Unit, 


typedef struct 

Unit { 

double 

input; 

double 

output; 

double 

target; 

double 

beta; 


} Unit; 


/•total input*/ 

/•total output (input through 
the sigmoid function)*/ 

/•target output (for output units)*/ 
/•error derivative (backpropagated)*/ 


typedef struct Net { 

Unit input [NUMJNPUT]; 

Unit hidden [NUMJHIDDEN]; 

Unit output [NUM_OUTPUT]; 

Unit bias [NUM.BIAS]; 


/•layer of input units*/ 
/•layer of hidden units*/ 
/•layer of output units*/ 
/•layer of bias units*/ 


/•Connections between layers (note order of indices)*/ 

double i2h[NUM_HIDDEN][NUMJNPUT]; /*input to hidden*/ 

double h2o[NUM_OUTPUT][NUM_HIDDEN]; /*hidden to output*/ 

double b2h[NUM_HIDDEN][NUM_BIAS]; /*bias to hidden*/ 

double b2o[NUM_OUTPUT][NUM_BIAS]; /*bias to output*/ 

FILE *fpPatterns; /*circular file of patterns*/ 

double error; /*network error*/ 


} Net; 

/•Useful macros: sigmoid (derivative), random, square*/ 

#define sigmoid (x) (1.0 / (1.0 + exp(-double) (x))) 

#define sigmoidDerivative (x) ((double) (x) * (1.0 - (x))) 
#define random (x) ((double)rand()/(RAND_MAX)) 

#defme square (x) ((x)*(x)) 


common problem that arises during the 
training of artificial neural networks: 
their performance on the training data 
will always continue to improve (as¬ 
suming a stable procedure to update 
the weights). But if you give patterns 
that are not from the training set, you 
will notice that the network's perfor¬ 
mance on these patterns will first im¬ 
prove, then get worse. 

The process is called overfitting. It 
occurs after the network has learned 
some general rules about the data. As 
you train the network, it learns more 
and more about the anomalies in the 
training set. It then tries to generalize 
these anomalies to other data and, as a 
result, produces a large error. 

To avoid serious overfitting, the num¬ 
ber of weights in a network should be 
much less than the number of bits re¬ 
quired to specify the desired output for 
all the training examples. For the bi¬ 
nary addition task, there should be far 
fewer than 256 weights (64 patterns 
times four digits of output). Using this 
rule of thumb, 1 decided to try 15 hid¬ 
den units with six input units, four out¬ 
put units and a bias unit, which gave 
169 connections. This network took 
significantly longer to train than lhe 
previous networks. In fact, it took more 
than 30,000 iterations. 

Once I knew the network could be 
trained, I tried something different. 1 
removed four of the patterns from the 
training data, randomized the weights 
and retrained the network on the 
remaining 60 patterns. Once it was 
trained, I tested it on the four patterns it 
had never seen. It produced the correct 
answers for these patterns. The network 
had learned to do binary addition. 

Many modifications would greatly 
enhance the network’s learning rate. In 
particular, you could use more com¬ 
plex methods for choosing the direc¬ 
tion to move the weights or use line 
searches to determine how large a step 
to take. There are also many more com¬ 
plex algorithms to try, including con¬ 
structive algorithms that add hidden 
units as they train. 

For a copy of the encoder program 
(written in ANSI C language), send a 
formatted double-density disk (3 l /2 or 
5 J A inches) with a stamped, self-ad¬ 
dressed mailer to: The Amateur Scien¬ 
tist, Scientific American, 415 Madison 
Avenue, New York, NY 10017-1111. 


FURTHER READING 

Explorations in Paraij.ee Distributed 
Processing: a Handbook or Models, 
Programs, and Exercises. David E. 
Rumelhart and James L. McClelland. 
The MIT Press, 1988. 
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BOOK REVIEWS 


by Philip Morrison 


Bohr’s Century 

Niels Bohr's Times, rN Physics, Phi¬ 
losophy, and Polity, by Abraham 
Pais. Oxford University Press (Claren¬ 
don Press), 1991 (S3 5). 

B ohr and Einstein were in their... 
sixties..,when I first met them, 1 ' 
Abraham Pais writes. “Since I am 
one (perhaps the last) of those who 
knew both men rather well personal¬ 
ly...! have been asked off and on how.,. 
they compared.” And then, across three 
or four w ? arm pages, Pais lists many 
comparisons between the two lifelong 
friends—Bohr was six years the young¬ 
er and died in 1962, seven years after 
Einstein, 

In two important respects, The physi¬ 
cists were “extreme opposites." To Bohr, 
“one and only one place was home: 
Denmark. Einstein,.,would call himself 
a gypsy, or a bird of passage”; he lived, 
not as visitor only but as resident, in 
nine cities of five countries. Most strik¬ 
ing was “Einstein's apartness, Bohr's 
conjointness.,.. Einstein was not a lone¬ 


ly figure.... Nevertheless it was his 
deepest need to think separately.... 
Bohr. ..craved togetherness, in life and 
in thought. Bohr created a major school; 
Einstein did not.” There were profound 
similarities, too, "Both had a deep need 
for simplicity, in thought and in behav¬ 
ior. Each had a lifelong boyish—not ju¬ 
venile, boyish—curiosity, and pleasure 
in play. They took science very seriously, 
but to them it was ultimately a game.” 

So out of old memories and long 
careful inquiry writes Professor Pais, 
himself a distinguished contributor to 
postwar theoretical physics. Pais has 
now published ample biographies of 
“arguably the two leading figures in sci¬ 
ence in this century," His tw r o thick, viv¬ 
id books—in 1982 Subtle Is the Lord.,,, 
on Einstein, and in 1991 the book on 
Bohr—do justice to career, character 
and ideas, not always the case in chroni¬ 
cles of modern scientists for the no n- 
specialized reader. Here w r e tease only a 
few strands out of the long tapestry of 
Bohr's century and our own. 

Young Niels entered the University 7 of 
Copenhagen in 1903 as a physics ma¬ 


jor. The next year his brother, Harald, 
a year and a half younger, joined him 
on campus. The two were inseparable 
companions. “I have never known peo¬ 
ple to be as dose as they are," a fel¬ 
low student wrote. They were mutual 
confidants, linked by teasing and by pri¬ 
vate games, “thinking a deux ” and shar¬ 
ing delight in science, poetry, shopwork 
and the soccer field. Halfback Harald 
became a national figure in the sport; 
slower, stronger Niels played goalie, 
sometimes visibly inattentive. Harald 
w r ent on to win an international repu¬ 
tation in mathematics; he died at 63, 
Niels later said of him: “He was in all 
respects more clever than !,.,a great 
mathematician, you know.” The boys’ 
father was a physiology professor, lat¬ 
er to become University rector, widely 
judged wise and friendly; their mother 
was a loving, energetic woman From a 
wealthy Jewish family admired in toler¬ 
ant Denmark for its public spirit. The 
family was not at all religious; the boys 
were baptized Lutherans who left the 
church in maturity. 

In 1911 Niels went as a postdoc to 



NIELS BOHR and his wife , Margrethe (at left), were photo imposed by the war. At right, lifelong friends Bohr and Albert 
graphed at the Copenhagen airport in August of 1945 , the Einstein stroll down a street in Brussels during the 1930 
day they returned to Denmark from an exile that had been Solvay Conference , 
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J. J. Thomson at the Cavendish Labo¬ 
ratory, a brief and disappointing en¬ 
counter. He soon joined Ernest Ruther¬ 
ford at Manchester, to open there a ful¬ 
filling, lifelong friendship. Home he 
came after a year or so with his stun¬ 
ningly original idea for quantized elec¬ 
tron orbits around Rutherford’s new 
nucleus. In its unreasonably successful 
“triumph over logic,” the quantum the¬ 
ory that Bohr published in 1913 still 
defines the public icon of the atom. 

Within a few years, Bohr was well 
known, became Professor at Copenhag¬ 
en and was ready to seek and indeed 
soon to receive for his own the small, 
new Institute for Theoretical Physics, 
which had both public and government 
support. That beloved home for quan¬ 
tum theorists has borne its founder’s 
name since 1965. Bohr's passion, in¬ 
tegrity and insight nourished dozens 
of younger physicists who came to the 
institute. Besides his tireless determi¬ 
nation to understand “conjointly,” he 
never failed to provide the practical es¬ 
sentials, support and a place to work 
among the best of peers, the celebrated 
names that ornament the major find¬ 
ings of quantum mechanics—among 
them Heisenberg, Schrodinger, Dirac, 
Pauli, Kramers, Klein, Landau, Gamow, 
Franck. About 1,200 papers came from 
the institute during Bohr’s time; more 
than 400 visitors from 35 countries 
had worked there. 

Bohr raised enough Danish and in¬ 
ternational support (much from Amer¬ 
ican foundations) to make his institute 
a training ground and a refuge. His pa¬ 
latial Residence of Honor, a lifetime 
grant from the Carlsberg Foundation, 
he made into a family hearth, its spirit 
strong enough to sustain intense argu¬ 
ment, unmarred by arrogance or con¬ 
ceit. “He utters his opinions,” Einstein 
wrote, “like one perpetually groping 
and never like one who believes he is in 
possession of definite truth.” 

Philosophy, though not in the sense 
of the professional literature, was what 
Bohr practiced, much more than most 
of his pragmatic friends. In a way what 
he did begins with form, not content; 
his papers were usually less mathemat¬ 
ical and technical than most by a great 
deal. (That does not make them easy: 
they are intricate, but their language, 
always qualified and subtle, not to say 
tentative, is still the natural language 
we all share.) His best-known single 
idea is complementarity’. He devised a 
coat-of-arms when he was given the 
Danish Order of the Elephant: it dis¬ 
plays the entwined Chinese forms of 
the monad, opposite and yet complet¬ 
ing each other. “Opposites are comple¬ 
mentary',” it reads. The poet William 


Blake put the same idea thus: “Nega¬ 
tions exist not, but contraries mutu¬ 
ally exist.” Thus wave and particle, thus 
uncertainties of place and motion, and 
much more. But the concept gives no 
general solution to real problems; it 
is to be used sparingly as a case-by- 
case hint to the direction of specific 
and hard-won progress. 

Pais is honestly impatient with the 
present revival of interest in the con¬ 
troversy about the local nature of the 
properties of atomic systems. The mat¬ 
ter was first raised by Einstein, Podol¬ 
sky and Rosen in 1935 and answered 
by Bohr: no change needed, he said. It 
hangs on the strange fact—Einstein 
called it “spooky’ action at a distance”— 
that certain arrangements allow the ex¬ 
perimenter to delay a measurement that 
can fix at option either member of a 
complementary pair of unknowns. Yet 
you cannot learn both results, even 
though it often appears that the parti¬ 
cle in question has long before had its 
properties settled by a prior interaction. 
The remarkable experiments of today 
all confirm the Bohr view. Pais sums up 
by saying that Bohr simply redefined 
the concept of phenomenon: it must 
include “both the object of study and 
the mode of observ ation... including an 
account of the whole experiment,” all 
the way through. 

An illustration here in what Bohr 
called the pseudorealistic style is a 
start toward understanding. A slit posi¬ 
tion is well defined not by symbols but 
by heavy brass bolts that secure it to 
some stable optical bench. If you mea¬ 
sure momentum by collision, you will 
instead hang the test mass almost free¬ 
ly on a delicate fiber and surrender to 
wobble all precise information about 
just where it is. That is complementari¬ 
ty expressed in hardware. The modem 
critics will hardly be satisfied with 
Pais’s judgment, but his case is strong 
if summary' and supported by every ex¬ 
periment so far. 

Peer into one of the last pages of 
Bohr’s physics: nuclear fission. During 
the 1930s, Bohr had built the institute 
in Copenhagen into an important cen¬ 
ter for nuclear experiment. Otto Robert 
Frisch and Lise Meitner, working with 
Bohr in 1938, gave a physical explana¬ 
tion of the astonishing radiochemical 
demonstration that the uranium nucle¬ 
us could be split nearly in half by slow 
neutrons. Frisch was the first to see the 
energetic fragments of the fissioned nu¬ 
clei. Recognition of the unstable balance 
between the repulsive electric forces 
among protons and the attractive bonds 
that hold neutrons close to their proton 
partners owed a good deal to Bohr’s 
1936 modeling of all heavy nuclei as 


drops of a charged quantum fluid. That 
persuasive approach in turn bears an 
uncanny parallel to the essay that un¬ 
dergraduate Niels had written in 1906. 
Using the resources of his father’s phys¬ 
iology lab, he had measured photo¬ 
graphically the surface vibrations that 
break up a fine jet of water into drop¬ 
lets. His essay was awarded the gold 
medal of the Danish Academy; “a love¬ 
ly experiment,” it w'as the first and the 
last experiment Bohr ever performed. 

Bohr brought the burning-hot news 
of fission to America when he arrived 
on a long-planned visit to Princeton 
in 1939. By early February' of that year 
he published a compelling argument to 
show that the unstable uranium could 
be only a rather rare isotope of that el¬ 
ement. That nucleus was both less sta¬ 
ble against fission and energetically 
more excited on neutron capture than 
the much more abundant one. By Sep¬ 
tember he and American theorist John 
Archibald Wheeler, an old boy of the 
Copenhagen institute, offered a pretty 
full theory’ of the fission process. In ear¬ 
ly 1940, experiment confirmed the pre¬ 
diction; from then onward it w'as ura¬ 
nium 235 that was the superexplosive 
sought around the warring world. 

In 1943 Niels and Margrethe Bohr 
(and their sons) fled Denmark one night 
by sea. They were at mortal risk, among 
7,000 Danish Jews and refugees whom 
the Danes spirited to neutral Sweden 
only days before the planned Nazi 
roundup for deportation. No other oc¬ 
cupied country so successfully saved its 
own from the camps of the Third Reich. 

Internationalist Bohr, from a small 
and traditionally neutral land, who had 
himself first clarified fission, fled be¬ 
fore the Germany he knew was some¬ 
how engaged in the release of nuclear 
energy’, all the way to wartime Los Ala¬ 
mos. Fission, though unexpected, is no 
profound puzzle for physics. It is for 
polity that it is of decisive importance; 
the nuclear weapons it alone enables 
hang heavy' over the last half of the cen¬ 
tury'. Naturally Bohr was seized with this 
knot of knots. He had the start of a so¬ 
lution, one he pressed with no success 
on our wartime leaders. He made it 
public in 1950 and again in 1956, in 
long letters to the United Nations. It 
seemed utopian to many and never 
caught the attention of the world, pre¬ 
possessed by power, but “fell through 
the cracks in the ice of the cold w'ar.” 
And yet his idea is in a way regnant. 

For Bohr was the “pioneer of glas- 
nost." In 1948 his memo to Secretary 
of State George Marshall proposed “an 
offer...of immediate measures towards 
openness on a mutual basis” to allow' 
all to form judgments about the real 
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state of affairs. Nobody was ready, un¬ 
til, after a long time of change, there 
came Mikhail Sergeyeviteh Gorbachev. 
It would be ingenuous to suppose that 
the mere notion from an outsider could 
have meant much early on, but it is the 
case that thereabouts was found a 
hopeful path that seems to be leading 
us toward the edge of the grim forest. 
No better memorial could we raise to 
Niels Bohr. 


Was It Murder? 

Mammoths, Mastgdonts, and Ele¬ 
phants: Biology, Behavior, and the 
Fossil Record, by Gary Haynes. Cam¬ 
bridge University Press, 1991 (SG9.50). 

T he scholarly title obscures the 
real topic. In fact, this volume is 
a brilliant murder mystery. The 
murder indictment itself is nothing new. 
The defendants are the first .Ameri¬ 
cans, whose presence on our continent 
is signaled by ample evidence, those 
bold and skillful immigrant Paleo-In- 
dian hunters we call the Clovis culture 
(after a defining archaeological site). The 
prosecution argues that they killed oh 
within a few centuries all the wild ele¬ 
phants then abundant in North Ameri¬ 
ca, Their co-defendants are the redoubt¬ 
able mammoth hunters of northern Eur¬ 
asia, charged with extinguishing the 
great woolly beasts there at about the 
same time. 

The extinction of temperate-region 
elephantkind is plain enough. Today 
only two near-tropical species remain: 
the African elephants, whose broad ears 
resemble the map of Africa, and the 
Asian species, whose smaller ears evoke 
the map of India. Afler millions of years 
of elephantine lineage, the end for most 
species came within a few millennia; in 
the Americas at least, it followed hard 
on the entry of the hunters. Direct evi¬ 
dence is grim: the dated and identified 
bones of mammoth and mas tod on t are 
heaped up In killing and butchering 
sites, at dozens of locations in North 
America and more than 1,000 across 
Eurasia. At more than a dozen American 
sites, several of the distinctive fluted 
dart points fashioned by the Clovis peo¬ 
ple have been found with the rib cages 
of fossil mammoth and mastodont. 
The prosecutors do not hesitate to cite 
many another instance of human over¬ 
kill of big game. We cannot ignore the 
precipitate decline of the African ele¬ 
phant population during our own centu¬ 
ry, although a circumspect judge might 
rule out such guilt by association. 

Enter the author, an energetic anthro¬ 
pologist at the University of Nevada. 


His brief is too scrupulous to be called 
advocacy; put him down as friend of 
the court. Neither rough coincidence in 
time nor plausible generalizations can 
justify a firm conclusion for him. Fo¬ 
rensics must be called on to test the 
chief inspector’s keen inferences. Wild 
elephants still die daily. What can we 
team from modern remains to assess 
conclusions about relics a hundred cen¬ 
turies old? 

Every year since 1982 Haynes has 
sought out elephant dead in the wild¬ 
est quarter of the Zimbabwean national 
park named Hwange, on the Botswana 
border. Death by human poachers has 
been effectively eliminated by the park 
management, although they themselves 
have systematically culled the herd to 
control rhe population in Hwange, an 
area mice the size of Yellowstone, Ele¬ 
phant bones accumulate around water 
holes, although the bones weather away 
or become buried after some decades. 
The driest months find elephants dying 
within the netw ork of meandering shal¬ 
low sandy channels, called seeps, that 
are watercourses during the wet sea¬ 
son there at the edge of the Kalahari. 
The elephants come to dig and redig 
wells, seeking scarce water down a me¬ 
ter or two in the sands. One of five or 
so die; the younger, smaller ones find 
the water table sunken out of reach 
and die preferentially. A map of the 
largest of the die-off sites the author 
watched shows the places of death 
over nine years of 100-odd elephants 
along a winding seep, all within a cou¬ 
ple of hundred acres. 

Haynes observed dozens of mass 
kills, too; sometimes herds of 30 to 50 
elephants were spotted by aircraft, then 
stalked downwind, to die within a min¬ 
ute before the rifles of a few 7 marksmen. 
The kills are analyzed for demographic 
information about age classes, and then 
local men butcher the carcasses. Only a 
few large males accompany each typi¬ 
cal matriarchal herd. These herd kills 
center in the uplands among abundant 
browse, on much-used elephant trails, 
just as die-off clusters are found at 
lowland seeps in the sandy scrubland. 

For the archaeologist, the riveting ex¬ 
perience was 11 disturbing...but it was 
instructive.” The epigraph of this chap¬ 
ter cites a rueful old professional hunt¬ 
er: “I should not greatly care to kill 
any more elephants. They are too big, 
too old, and too wise to be classed as 
mere game.” Yet the Pygmy metaphor 
for their rare elephant prey is ”a hill of 
meat,” and Clovis hunters may have 
shared the attitude. 

From these witnessed deaths among 
elephants, one can begin to infer events 
long past. Zimbabwe is not glacier-edge 
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New Mexico, and the African elephant 
is no woolly mammoth. The author has 
a flair for expressing open doubt as well 
as for dispelling it. He carefully shows 
that his models, approximate and nev¬ 
er certain, offer a simple and strong in¬ 
terpretation of the record we find in 
worked points, old broken bones, gla¬ 
cial till and soil. Some Clovis sites re¬ 
peat the age pattern of the Hwange die¬ 
offs: subadults predominant, and very 
few of their elders, especially in those 
sites where stone artifacts are present. 
Some sites are patternless, the data too 
sparse; none of them shows fair age 
samples of elephant population. “It is 
deceptively easy to find a...relation¬ 
ship between...human presence and 
an overrepresentation of young ani¬ 
mals.” But at the dry' seeps during Zim¬ 
babwe winters, it became manifest that 
such an inference is not necessary. 

The huge piles of mammoth tusks 
that mark the most spectacular of the 
Eurasian sites seem to tell us that those 
old hunters dwelled in huts walled 
and floored in ivory. But did they in 
fact hunt the dangerous elephants for 
that exotic architectural material? Or 
did they mine the stuff from the abun¬ 
dant remains of mass deaths of mam¬ 
moths and make dwellings from the 
bones, perhaps when wood was in short 
supply? After all, some 50,000 mam¬ 
moth tusks have been collected across 
the land within the past century or so. 
The more romantic image fades, even 
though it is not strictly disproved. 

But what of the extinction of the 
American mammoths by Clovis hunt¬ 
ers? The multiple kill sites just don’t 
look like the ethnographic record. “I be¬ 
lieve,” the author concludes, that the 
large Clovis mammoth assemblages are 
the remains of die-offs exploited by the 
people who made fluted points. Ele¬ 
phant die-offs everywhere provided op¬ 
portunities for the newcomers, who 
were indeed skilled hunters, come to 
easy pickings. The rapid spread of the 
Clovis culture over the hemisphere was 
not the cause of mammoth extinction, 
but rather more the effect of it. 

One cannot reject the possibility 7 that 
the hunters added the last straw to a 
heavy climatic burden. Perhaps they 
were the unique new agency 7 behind 
sudden extinction, critically increas¬ 
ing the natural mortality of the hard- 
pressed herds. The verdict on Clovis 
may have to be moderated to something 
like murder in the second degree. The 
free-roaming African elephants who 
now face their last few r decades—we will 
probably manage to preserve the spe¬ 
cies, though only under close watch- 
can show us how the end came to the 
societies of the elephant long ago. 
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ESSAY 


by Jonathan Miller 


Trouble in Mind 

E instein once said that the most 
incomprehensible fact about na¬ 
ture was that it was comprehen¬ 
sible. It seems to me that the mysteri¬ 
ous thing about nature is not thaL it 
is comprehensible but that it contains 
such a thing as comprehension at all, 
that is, the mind itself—the very idea! 

Of course, ever since Darwin we have 
been able to consider the mind as some¬ 
thing emerging from nature by virtue of 
certain arrangements developed Lhrough 
chance and necessity. Although Darwin 
is rightly credited with the discovery of 
die biological process that yielded such 
developments, their nature remained a 
mystery until the middle of this centu¬ 
ry. Thus, when early 19th-century phys¬ 
iologists brazenly invoked "material or¬ 
ganization 11 as an explanation for both 
Life and Mind, it was still little more 
than hand-waving. 

Today all that has changed. In the 
once unoccupied gap between the bare 
necessities of Matter and the enigmat¬ 
ic peculiarities of Mind, there is now 
an elaborate construction site of medi¬ 
ating concepts whose existence lends 
weight to the claim that the functions 
of mind are implemented by purely 
physical means. Neurons and their syn¬ 
apses do have the capacity to transact 
what is required to realize seeing and 
foreseeing. Conversely, at the other end 
of the psychophysical gap the image 
of mind itself has been radically rede¬ 
signed. Under the influence of cognitive 
science, information theory and artifi¬ 
cial intelligence, we can now envisage 
mental functions in a form that literally 
demands physical implementation. 

The theoretical structures that reach 
toward one another across the great 
divide are developing so rapidly it is 
temp Ling to imagine that it's only a mat¬ 
ter of time before they join up and that 
when that happens the terms once ap¬ 
plied to mental life will be supplant¬ 
ed by a different sort of language alto¬ 
gether. In some quarters, this belief is al¬ 
ready upheld as an article of faith; al¬ 
though paradoxically, among those w ho 
subscribe to it, the very concept of be¬ 
lief is regarded as questionable, along 
with many of the other psychological 
categories that figure in common par¬ 
lance. Hence, the disparaging phrase 
"folk psychology." According to its crit¬ 
ics, folk psychology is a hopelessly slop¬ 
py theory of human conduct, featur¬ 
ing terms such as “belief" and “desire,” 


which are said to be not all that dif¬ 
ferent from “phlogiston” and “caloric.” 
Philosopher Paul M. Churchland insists 
that “we need therefore an entirely new 
kinematics and dynamics with which to 
understand human cognitive activity, 
one drawn perhaps from computation¬ 
al neuroscience and connectionist A.L 
Folk Psychology could then be put aside 
in favor of descriptively more accu¬ 
rate... portrayals of the reality within." 

No one can deny that the sciences 
to which Churchland refers will furnish 
more inclusive accounts than the ones 
we have at the moment. But that doesn't 
mean that folk psychology is nothing 
other than interim discipline. Nor is it a 
jury-rigged theory, good enough for or¬ 
dinary folk and acceptable to experts 
as long as they are off 1 duty. It is not and 
never was a theory, and to speak of it, 
as Churchland does, as an explanation 
“which fails on an epic scale” is to make 
a serious category mistake. The vernac¬ 
ular language of beliefs and desires is 
the expression of a form of life peculiar 
to creatures whose consciousness leads 
them to believe—yes, believe!—that oth¬ 
ers have experiences of the same kind. 

In fact, it is hard to imagine how a 
radically different language would even 
begin to do a better job. It could and lias 
been made more expressive, as any stu¬ 
dent of literature knows, and because of 
imaginative writers such as Shakespeare, 
say, or Proust, we can now convey psy¬ 
chological subtleties that were once in¬ 
expressible. A hard-core eliminativlst 
would probably jeer that such revisions 
are doomed to failure and, like the epicy¬ 
cles added to Ptolemaic theory, arc futile 
attempts to salvage a derelict system. 

That, I venture to say, is nonsense. 
Consciousness may be implemented by 
neurobiological processes—how else?— 
but the language of neurobiology does 
not and cannot convey what it's like to 
be conscious. If, as philosopher Thom¬ 
as Nagel says, there is something it’s 
like to be a bat, there is something even 
more interesting it’s like to be one of us, 
and the language of folk psychology, 
pidgin though it be in some respects, is 
the best medium for expressing this. 

And that, of course, brings me to 
consciousness, which is quite rightly 
regarded as the most difficult problem 
in nature, more puzzling perhaps than 
the one which worried Einstein. And yet 
there are scientists prepared to insist 
that consciousness itself will yield to 
analysis, just as the problem of life has 
yielded. But there’s the rub’—or rather 
the double bind. Although conscious¬ 


ness exists by virtue of some physical 
property of the brain, just as biolumines- 
cence exists by virtue of some chemical 
property of certain specialized cells, it 
is not, as bioluminescence is, an observ¬ 
able property' of living matter, it isn't a 
brain glow. Nor is it, on the other hand, 
an invisible property, less readily detect¬ 
able than other biological processes. It 
is detectable to anyone who has it. The 
difficulty is that the method by which 
consciousness is detected is logically 
different from the method by which 
bioluminescence is detected. To put it 
bluntly, consciousness is not detected 
at all, because that would imply that it 
could pass undetected, and that doesn't 
make sense. Your consciousness may 
pass undetected by me, but my con¬ 
sciousness, if 1 have it at all, is self-evi¬ 
dently self-evident to me. 

For that reason, we invoke a special 
kind of observation to which we can 
give the name “introspection.” And yet 
introspection is not, as the word seems 
to imply, a peculiar form of gaze, di¬ 
rected at something inaccessible to the 
more typical forms of looking. On the 
contrary, introspection is one of the 
many forms consciousness itself can as¬ 
sume, so that it represents a significant 
part of what we are trying to explain. 
Indeed, the method by which we are ac¬ 
quainted with consciousness is so fun¬ 
damentally different from the method 
by which we acquaint ourselves with 
brains that I suspect, as philosopher 
Colin McGinn does, that although we 
don’t have to invoke anything other 
than brain—no magic that contravenes 
the laws of nature—we will never fully 
under stand the connection. 

This cl aim has been widely dismissed 
as frivolous obscurantism, foreclosing 
the possibility of further research and 
licensing the wilder forms of religious 
mysticism. It is nothing of the sort. 
There is obviously much more to be 
learned about the relationship between 
brains arid minds, and it will be years, 
perhaps centuries, before w t c come up 
against the “cognitive closure” so coura¬ 
geously identified by Professor McGinn. 
The fact I hat such research is destined 
to describe an asymptotic curv e, which 
approaches but never reaches the limit, 
does not preclude the necessity of our 
following it. 


JONATHAN MILLER, physician r writer 
and director, produced the 1983 public 
television series “States of Mind f> and the 
1992 series “Madness. ” 
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Mathematica 


The definitive System for 
Technical Computation 


"Not merely a product but a revolution " 

— Macworld 

"The importance of the program cannot 
be overlooked" 

— New York Times 


Basic function: Integrated environment for nu¬ 
merical. symbolic, graphical computation, inter¬ 
active programming. 

Users: Scientists, engineers, mathematicians, pro¬ 
grammers. financial analysts, students. Over 
150.000 worldwide. Includes all 50 largest U.S. 
universities. 

Numerical computation: Arbitrary-precision 
arithmetic, complex numbers, special functions 
(hypergeometric, elliptic, etc.), combinatorial and 
integer functions. Matrix operations, root finding, 
function fitting, Fourier transforms, numerical in¬ 
tegration, numerical solution of differential equa¬ 
tions, function minimization, linear programming. 



Symbolic computation: Equation solving, sym¬ 
bolic integration. differentiation, powerseries, lim¬ 
its. Algebraic operations, polynomial expansion, 
factorization, simplification. Operations on ma¬ 
trices, tensors, lists, strings. 



Graphics and sound: 2D, 3D plots of functions, 
data, geometrical objects. Contour, density plots. 
3D rendering with intersecting surfaces, lighting 
models, symbolic descriptions. Color PostScript 
output, combiningand labeling, publication qual¬ 
ity graphics, animation (most versions). Sound 
from waveforms and data (most versions). 

Programming: High-level, interactive, symbolic 
language. Procedural and functional programming 



constructs. Transformation rules and pattern 
matching. Fully compatible on all platforms. No 
built-in limitations on computation size. 


■ Programming 

logtl] - 0 
loglB] - 1 

l°gtx_ y_] *- log [x] + log[y] 
loglx *n_J tm n log(x] 
log* lx_l » 1/x (* derivative •) 
log/i InversePunction[log] » exp 
log/: Series[log[x_], (x_, 1. n_)J »- 

Sumt-(-l) A k (x-1) A Jc/k, {k, 1, n)J ♦ 
OIx, 1] A (n*l) 


External interface: Input of data (numbers, 
records, text) from files, programs. Output in TeX, 
C, Fortran, PostScript. Calling of external pro¬ 
grams and functions. General Mathiink interpro¬ 
cess communication mechanism. 

User interface: Electronic book interactive docu¬ 
ments mixing text, graphics, animations, calcula¬ 
tions. Graphics, animation, sound interapplication 
compatibility. Style sheets, hierarchical outlining. 
Computation kernel can run on remote computer 
(most versions). 

Additional material: Journal, newsletters, more 
than 30 books. Add-on packages, free MathSource 
electronic resource. 

Versions: Macintosh • Microsoft Windows • MS- 
DOS • NEC PC • DEC RISC, VAX • HP • IBM RISC 
• MIPS • NeXT • SGI • Sony • SPARC, Sun-3 • 
CONVEX and others • Network licensing avail¬ 
able. Student versions. Now shipping Version 2.1. 

For the latest information call Wolfram Research at: 

1-800-441-MATH 



Wolfram Research 


Wotfram Research. Inc. 

100 Trade Center Drive, Champaign. II61820-7237, USA 
217-398-0700. fax 217-398-0747, email mfo@wu com 

Wotfram Research (UK) Ltd. 

Evenlode Court Main Road. Long Hanborough, Oxon 0X8 2LA, UK 
♦44-(0)993-883400. fax +44-{0}993-883800. email: info-uk@wn com 























































W/m/mPy. 


Patience is a sign of Maturity 


In life, for everything there is a right 
time, and it takes a certain 
maturity and patience to recognise 
that moment. The same is true 
of aged whisky. For twelve long 
years Gold Seal Special Reserve 
mellows in oak casks until it 
reaches its full mature taste. 
Only then is the master blender's 
patience rewarded and he can give it 
his seal of approval. 

Dalian tine's Gold Seal, 
patience well rewarded. 


GOLD SEAL 


GOLD SEAL 

SPECIAL RESERVE 
SCOTCH WHISKY 











